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Abstract 
Climate change has led to more extreme weather during the last decades. Seasonally hot 
weather regions have experienced harsh winters. Similarly, the global warming has contributed 
to raising the mean summer temperature in the cold regions. Geomaterials in various engineering 
applications are expected to experience such changes in the weather patterns and may undergo 
freezing, thawing, wetting and drying processes. This thesis presents an experimental study of the 
one-dimensional volume change behaviour of some geomaterials under the combined influence 
of freeze-thaw and wet-dry cycles.  
Laboratory tests were carried out on three selected materials (Speswhite kaolin, Pegwell 
Bay soil and cement kiln dust). A custom-made test set up was used to carry out the laboratory 
tests that enabled performing the required tests involving freezing, thawing, drying and wetting 
processes. Initially saturated slurried materials and compacted materials were subjected to 
freezing and thawing processes to study frost heave and thaw settlement. Compacted materials 
were taken through several wet-dry cycles and then exposed to freezing and thawing processes to 
study the impact of intermittent freeze-thaw cycles on the volume change behaviour of the 
materials. Similarly, compacted materials were subjected to an increasing number of freeze-thaw-
wet-dry cycles to study the combined influence of various processes on the volume change 
behaviour of the materials.  
Compacted materials exhibited higher magnitudes of frost heave than initially saturated 
slurried materials. The swelling and shrinkage strains of compacted materials decreased with an 
increasing number of wet-dry cycles and attained an equilibrium at which the strains remained 
very similar. Intermittent freeze-thaw cycles were found to destabilize the equilibrium strain that 
was achieved during the previous wet-dry cycles; however, a new equilibrium in terms of the 
vertical strain was attained by the materials with an increasing number of wet-dry cycles. The 
materials having a history of being exposed to several wet-dry cycles exhibited a higher frost 
heave, a higher segregation potential and a greater magnitude of thaw settlement as compared to 
the same materials but without any cyclic wet-dry history. Upon subjected to an increasing 
number of wet-freeze-thaw-dry cycles, the materials exhibited uprising movement accompanied 
by strain accumulation prior to attaining an equilibrium at which the vertical strains associated 
with wetting, freezing, thawing and drying processes were found to be dissimilar; however, the 
sum of swelling deformation and frost heave was found to be equal to the sum of thaw settlement 
and shrinkage deformation.  
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CHAPTER 1 
Introduction 
 
1.1 Background 
Scientific studies indicate that extreme weather events (floods, droughts, damaging 
high winds, extreme heat and cold events) can have negative impacts on society and 
ecosystems (Meehl et al. 2000). The consensus of atmospheric scientists is that climate 
change is occurring, both in terms of significant variations in the air temperature and 
precipitation (O’Neal et al. 2005). More extreme climate events are realized in many parts 
of the world. In the UK, the winter of 2000/1 was the wettest on record and the period 
May-July 2007 was the wettest for 250 years (Toll et al. 2008). Globally, 9 of the 10 
warmest years since 1860 have occurred since 1990 (World Meteorological Organization, 
WMO 2001). In permafrost regions, a more pronounced rise in the temperature has been 
predicted (Matsuoka 2001). This may have the potential to alter the different soil 
engineering applications (Glendinning 2007). Extreme cold events have also been 
realized in the hot-seasonal weathering regions of the world (Zhou et al. 2011; Herring et 
al. 2015).  
The seasonal climatic conditions at any location may involve two or more of the 
processes of wetting, drying, freezing and thawing. These processes directly affect the 
properties of the soils and hence the stability of the structures found on them. In cold 
regions of the world freezing and thawing processes are more relevant, whereas soils in 
the arid and semi-arid regions of the world undergo wetting and drying processes. The 
effects of freeze-thaw and wet-dry cycles on the volume change behaviour, hydraulic 
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conductivity, shear strength and soil structure of a variety of soils have been studied 
extensively in the past by many researchers (Chamberlain and Gow 1979; Camberlain et 
al. 1990; Benson and Othman 1993; Viklander and Eigenbrod 2000; Konrad 2010; Toll 
et al. 2012; Zheng et al. 2015; Konrad 1999; Doehne and Stulik 1990; Boardman and 
Daniel 1996; Thu 2006; Seguel and Horn 2006; Pires et al. 2007; Pires et al. 2008; 
Nowamooz and Masrouri 2010a, b; Liu et al. 2016; Toll and Ali Rahman 2017).  
Volume change in soils cause changes in strength and deformation properties that, 
in turn, influence stability. Significant variations in climate, such as long droughts and 
heavy rains, cause cyclic water content changes resulting in edge movement of structures 
(Fredlund and Rahardjo 1993). Soils and various geomaterials (mixtures of soil and 
various industrial wastes and admixtures) are usually compacted and used in many civil 
engineering applications. Similarly, clays are often used as hydraulic barriers. These 
materials may undergo freeze-thaw cycles in cold climates and wet-dry cycles in the hot 
or tropical climate. Therefore, it is necessary to understand the effect of freezing, thawing, 
drying and wetting on the volumetric response of various engineering materials, 
particularly in the context of climate change impacts on the stability of structures.  
Wet-dry effects are more pronounced in expansive soils that exhibit swell-shrink 
behaviour. Soil scientists and engineers have attempted to study the swell-shrink 
behaviour of compacted expansive soils (Dif and Bluemel 1991; Day 1994; Al-Homoud 
et al. 1995; Basma et al. 1996; Rao et al. 2001; Tripathy et al. 2002; Alonso et al. 2005; 
Rao and Revanasiddappa 2006; Tripathy and Subba Rao 2009). Swelling and shrinkage 
strain prediction models have been proposed by several researchers (Ranganatham and 
Satyanarayana 1965; Seed et al. 1962; Crescimanno and Provenzano 1999; Rao et al. 
2004). 
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The cold regions of the world cover large parts of Asia, northern Europe, Alaska, 
Canada and about a third of the USA. In these regions, pavement and structures are 
subjected to freezing in the winter and thaw weakening during the spring. Consequently, 
the mechanical properties of the structures can be greatly affected by seasonal changes in 
temperature and soil moisture (Simonsen and Isacsson 1999). Structures founded on frost 
susceptible soils require special considerations for their design (Henry 2000). Several 
laboratory research works have been aimed at understanding the effects of the freeze-
thaw behaviour of soils (Morgenstern and Nixon 1971; Miller 1972; Chamberlain and 
Gow 1979; Konrad and Morgenstern 1980; Chamberlain 1981a; Penner 1986; Konrad 
1988; Viklander 1998) and several frost heave modelling have been established(Konrad 
and Morgenstern 1981; Thomas et al. 2009). Similarly, various studies have explored the 
effects of freezing-thawing beside wetting-drying on various properties of soils (Sillanpää 
and Webber 1961; Pardini et al. 1996; Gullà et al. 2006; Ahmed and Ugai 2011; Diagne 
et al. 2015). 
The volume change behaviour of soils and geomaterials under ether freeze-thaw or 
wet-dry cycles have been explored in detail by many researchers. However, at the 
research planning stage, an initial review of the literature revealed that further work was 
needed to provide an integrated assessment of combined of all these processes and their 
impact on the volume change behaviour of soils and geomaterials. 
Climate change has led to more extreme and unusual weather events in the hot 
seasonal weathering regions of the world. For example, in countries like Iraq, which has 
been known by the extremely hot weather with temperature exceeding 50 °C in summer 
months, experienced snowfall in 2008 for the first time in hundred years (Zhou et al. 
2011). Similarly, during the winter of 2013 extreme cold weather was realised in the 
northern and western territories of Iraq and the Middle East (Herring et al. 2015). 
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Therefore, although the effects of wet-dry cycles on the behaviour of geomaterials in the 
temperate regions of the world have been studied by many researchers in the past, it would 
be necessary to study how freeze-thaw cycles affect the volume change behaviour of soils 
and geomaterials that have been subjected to several wet-dry cycles. 
The literature review suggested that reported works on various particulate 
geomaterials with different physical and chemical properties and their response to freeze-
thaw cycles have been studied in detail. The impact of climate change may cause exposure 
of geomaterials to processes that the materials had seldom encountered in the past. The 
materials that currently undergo freeze-thaw cycles may be subjected to wet-dry cycles 
in the future. Similarly, the materials that currently undergo dry-wet cycles may be 
subjected to freeze-thaw cycles. Therefore, there is a need to explore the volume change 
behaviour of various geomaterials by exposing the materials to a combination of a variety 
of anticipated weathering patterns. This research, therefore, aims to explore the volume 
change behaviour of geomaterials under predetermined weathering patterns (freezing-
thawing, wetting-drying with intermittent freeze-thaw cycles and dry-wet-freeze-thaw 
cycles). 
Three different materials were considered in this research to study the one-
dimensional volume change behaviour in response to freeze-thaw and wet-dry cycles. 
The materials selected for the study were a kaolinite-rich clay (Speswhite kaolin), a frost 
susceptible natural soil (Pegwell Bay soil) and a cement kiln dust (CKD).  
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1.2 Study objectives 
The main objectives of this study were: 
I. To develop an experimental test setup that will permit implementing the freezing, 
thawing, drying and wetting processes and enable carrying out laboratory tests on 
a variety of geomaterials. 
II. To study the effects of freezing and thawing on the one-dimensional volume 
change behaviour of the materials with different initial conditions (initially 
saturated slurried and compacted unsaturated materials).  
III. To study the effects wet-dry cycles on the one-dimensional volume change 
behaviour of materials. 
IV. To study the effect of an intermittent freeze-thaw cycles on the one-dimensional 
volume change behaviour of materials that have been already subjected to a 
number of wet-dry cycles. 
V. To study the effect of wet-freeze-thaw-dry cycles on the volume change behaviour 
of the materials. 
Although the sequence of the climatic processes adopted in this study does not 
replicate the length of the seasonal climate in a complete manner, the study presents 
necessary information to understand the volumetric change behaviour under the effects 
of the four-climatic process that are expected to happen in several regions in the world 
(e.g. Middle East and the northern hemisphere). 
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1.3 Thesis overview 
A brief description of each chapter is presented below. 
CHAPTER 1 presents the background of the research, the main objectives of this 
research and outline of the thesis. 
CHAPTER 2 presents a review of literature pertaining to the studies undertaken. 
The chapter presents general information about the physics of freezing, thawing, drying 
and wetting processes and their effects on engineering properties of soils. The 
experimental studies of both cyclic freeze-thaw and wet-dry on the volume change 
behaviour soils are discussed. The testing devices used for studying the volume change 
behaviour of soils under both cyclic freeze-thaw and wet-dry are also presented. 
CHAPTER 3 describes the properties of the materials used and the experimental 
test procedures adopted. The background of the selected materials are first presented 
followed by various properties of the materials that were determined (initial water 
content, specific gravity, grain size distribution, Atterberg limits, minerals composition 
using X-ray diffraction (XRD) and specific surface area). The scanning electron 
microscope (SEM) pictures at selected conditions of the materials are also presented. The 
compaction characteristics and consolidation behaviour of the materials used are 
presented. Further, the details of the testing setup and the response of the measuring 
system to temperature changes are discussed. Subsequently, the experimental program 
including testing series and specimen preparation methods are presented in detail. 
CHAPTER 4 presents the freezing and thawing results obtained for the three 
materials used. Initially saturated slurried materials were tested using the test setup 
described in chapter 3. The vertical strains, temperature profiles, segregation potentials 
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and the water contents of the materials at the end of freezing and thawing processes are 
presented. 
CHAPTER 5 presents the freezing and thawing results obtained for the three 
materials used. Compacted specimens at predetermined dry density and water contents 
were tested by subjecting them to freezing and thawing processes. The test results in terms 
of vertical strain, segregation potential and water content are compared with the test 
results obtained for initially saturated slurried materials in chapter 4.  
CHAPTER 6 presents the one-dimensional volume change behaviour of the 
compacted specimens of the materials when subjected to wet-dry cycles. Intermittent 
freeze-thaw cycles were introduced to study their impact on the volume change behaviour 
of the materials. The tests results were analysed in terms of vertical strain, temperature 
profiles, segregation potential and water content changes.  
CHAPTER 7 presents the one-dimensional volume change behaviour of the 
compacted specimen of the materials with increasing number of wet-freeze-thaw-dry 
cycles. The tests results were analysed in terms of vertical strain, temperature profiles, 
segregation potential and water content changes.  
CHAPTER 8 presents the main conclusions drawn based on the findings of this 
study. 
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CHAPTER 2 
Literature review 
2.1 Introduction 
The literature review presented in this chapter provides the background information 
describing the research that have been carried out previously on the freezing, thawing, 
wetting and drying behaviour of soils. It aims to present a brief review of the key concepts 
and focuses on the research works that are relevant to the objectives of the investigation 
presented in this thesis. 
Studies associated with independent and cyclic effects of the freeze, thaw, wet and 
dry processes on the behaviour of geomaterials (soils, soils modified by admixtures, and 
various industrial wastes, such as pulverised fly ash, cement kiln dust etc.) are extremely 
relevant in relation to their applications in a wide range of disciplines, such as ecology, 
hydrology, agriculture, engineering, and climatology. In the context of geotechnical and 
geoenvironmental engineering, studies of the effects of various processes on the 
geomaterials provide crucial information on the long-term stability of a variety of geo-
infrastructure.  
The topics dealt with in this chapter includes the understanding of the behaviour of 
soils subjected to freezing, thawing, wetting and drying processes, the physics and 
processes behind wetting, drying, freezing and thawing as applicable to the behaviour of 
soils in terms of the volume change, an abstract of some of the important experimental 
research works that have studied the effects of wet-dry and/or freeze-thaw cycles on soils 
and the studies that have made an attempt to combine all these processes. 
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2.2 Physical processes associated with freezing, thawing, wetting and 
drying  
Each of the four processes from freezing, thawing, drying and wetting has an impact 
on various characteristics of soils in terms of water migration, stress state, volume change 
and structural changes. The following sections discuss the effects of each process 
separately.  
2.2.1 Freezing process 
The freezing process may affect all soil types, but usually has a significant impact 
on the frost susceptible soils. The main factor associated with the frost susceptibility of 
soils is the grain-size distribution (Chamberlain 1981a). When soils with significant fine-
fractions are subjected to freezing, frost heave (volume increase due to formation of ice 
within the soil system) occurs as a result of two simultaneous  processes, such as pore 
water in the soil freezes in situ and the water from the unfrozen soil, or possibly from an 
external source, is sucked to the segregation freezing front where it freezes at subzero 
temperatures, leading to the development of ice lenses (Konrad 1987). 
As the surface temperature of a soil drops below the freezing point, the freezing 
front penetrates the soil progressively. Unsteady heat flow due to the thermal gradient 
with depth leads to a decrease of the soil temperature. The phase change of pore water 
occurs in the so-called ‘frozen fringe’(Miller 1972). When the soil temperature falls 
below the freezing point, volumetric expansion of water due to phase change (liquid to 
ice) causes an increment of pore pressure within the unfrozen pores. At the ice/ water 
interface, a cryogenic suction gradient, which is developed in response to the temperature 
gradient, draws the pore water in the unfrozen soil towards the freezing front, which in 
turn raises pore pressure. Moisture accumulation and the volumetric expansion due to 
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pore water phase change in both the fully frozen soils and ice lens result in frost heave 
(Thomas et al. 2009). Figure 2.1 shows a schematic representation of a freezing soil. 
 
Fig. (2.1): Schematic representation of a freezing soil with ice segregation: (a) layers; (b) 
temperature; (c) pore pressure; (d) cryogenic suction; (e) water velocity; (f) 
displacement Tc,Tw, temperature at cold and warm ends, respectively; Tf , 
temperature at the base of ice lens; To, freezing point; pob, surface overburden 
load; psep, separation strength) (after Thomas et al. 2009)  
Frozen ground properties useful to engineering projects include high strength in 
compression, excellent bearing capacity, and the impervious nature of frozen ground 
relative to water seepage. These properties are used by engineers in the design of ground 
support systems, foundations, earth dams, and other frozen earth structures. (Andersland 
and Ladanyi 1994).  
The harmful side of frozen ground is represented by the complex glacial 
stratigraphy that leads to potentially difficult and expensive construction problems in 
some territories (Andersland and Ladanyi 1994), such as in construction of roads and 
pipelines (Chamberlain et al. 1990). A large increase in the hydraulic conductivity of 
compacted clay barriers (Zimmie and La Plante 1990; Kraus et al. 1997) and a decrease 
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in the shear strength are some issues related freeze-thaw cycling of soils (Yong et al. 
1982; Wang et al. 2007). 
2.2.2 Thawing process 
Frozen ground contains ice in several forms, ranging from coatings on soil particles 
and individual ice inclusions to the ice with soil inclusions. On thawing, the ice melts and 
changes in the phase occurs to water. For an existing overburden pressure, the soil 
skeleton must now adapt itself to a new equilibrium void ratio (Andersland and Ladanyi 
1994). If the ground has heaved, there will be excess water present which must drain 
away. The rate at which water is released is controlled by thermal considerations in which 
case the Terzaghi consolidation theory can be applied to the drainage process (Harris 
1995). 
Increased moisture content in supporting layers during thawing weakens pavement 
structures (Janoo and Berg 1996). During spring, thaw of the pavement structure may 
become saturated from thawing ice, and the bearing capacity can be substantially reduced 
(Simonsen and Isacsson 1999). In countries with warmer climates (e.g. Scotland) frost 
thaw weakening is usually related to the weakening of the road after daily freeze-thaw 
cycles (Aho and Saarenketo 2006). 
Ballantyne and Harris (1994) stated that the texture of a thawing soil and the clay 
content control the geotechnical properties of the soil. Sandy and silty soils have low 
plastic and liquid limits and low plasticity characteristics. Such soils derive most of their 
strength from intergranular friction and have little cohesion. Clay soils with higher plastic 
and liquid limits and much greater plasticity have lower intergranular friction but are 
highly cohesive. Sandy/silty soils consequently have much lower void ratios and so lower 
saturation moisture contents than clay soils. Therefore, less water is required for the 
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sandy/silty soils to reach saturation point. Due to the low plastic and liquid limits, the 
soils are sensitive to changes in moisture content and will reach a flow condition if the 
moisture content is greater than the liquid limit. Clay soils, in response to the high pore-
water pressures induced by thaw consolidation, often fail along clearly-defined slip 
surfaces (Ballantyne and Harris 1994). 
2.2.3 Drying process 
Water is removed from the soil either by evaporation from the ground surface or by 
evapotranspiration from a vegetative cover (Fredlund and Rahardjo 1993). Fine-grained 
soils are usually the most affected type of soil by drying. The different phases of shrinkage 
that result from progressive drying of natural soils: (i) structural shrinkage, (ii) normal 
shrinkage, and (iii) residual shrinkage (Haines 1923). During structural shrinkage, a few 
large, stable pores are emptied, and the decrease in volume of the soil is less than the 
volume of water lost. During the normal shrinkage phase, volume decrease is equal to the 
volume of water lost (i.e., the slope of the total specimen volume versus water content 
line is 45°). On further drying, the slope of the shrinkage curve changes and air enters the 
voids at the shrinkage limit or at the start of residual shrinkage. As the particles come in 
contact, the decrease in specimen volume is less than the volume of water lost (Tripathy 
et al. 2002). Stirk (1954) identified the no-shrinkage stage as a fourth phase, when the 
particles come together closely, and no further shrinkage occurs even with continuous 
loss of water. Figure 2.2 shows the shrinkage phases and clay aggregates structure with 
the progress of drying. 
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Fig. (2.2): The phases of shrinkage of clay aggregate upon drying process (After 
Kodikara et al. 1999) 
The major mechanisms involved in structure development during drying is the 
growth and aggregation of soil particles from a stiffer structure, particle aggregation is 
driven by soil suction that develops as water is removed from soils (Kodikara et al. 1999). 
Besides the volumetric change problem associated with swelling-shrinkage 
behaviour that discussed in the next sections, drying and wetting processes contribute in 
change in soil properties, such as cone penetration resistance, soil cohesion, adhesion, 
internal friction and aggregate size (Rajaram and Erbach 1999), shear strength (Guan et 
al. 2010) and the hydraulic conductivity (Fredlund et al. 1994). 
2.2.4 Wetting process 
Volume changes due to soil wetting may occur in naturally deposited soils as well 
as engineered soils (e.g., compacted fills, embankments). Depending on the stress level, 
some soils exhibit increase in the volume (swell) upon wetting while other soils exhibit a 
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decrease in volume (collapse) upon wetting. Most compacted clayey soils will experience 
swelling under low confining stress and collapse under higher confining stresses; the 
degree of which depends on soil type and stress state. During wetting processes, there are 
three mechanisms involved in the volume change characteristics of unsaturated soils; (a) 
swelling of individual aggregates owing to water uptake, (b) aggregate slippage at the 
inter-aggregate contacts owing to lack of strength to support the externally applied load, 
leading to collapse compression and (c) distortion of aggregates into the inter-aggregate 
pore spaces. The relative influence of these controlling factors determines the overall 
response of the unsaturated clay during wetting.(Alonso et al. 1995; Sivakumar et al. 
2006; Sivakumar et al. 2010). In general, all soils are susceptible to wetting-induced 
collapse when inundated with water under sufficient confining pressure (Cerato et al. 
2009). The wetting process effects on other soil properties are always in combined with 
the drying effects. 
Compacted clay fills are affected by the wetting process immediately after 
construction. They undergo volumetric deformation and loss of shear strength, which can, 
in turn, lead to a surface settlement or heave, and even collapse or failure at saturation 
(Sivakumar et al. 2015). Upon wetting, well-compacted fills (i.e. engineered fills) are 
prone to heave, whereas poorly compacted fills (i.e. un-engineered fills) are prone to 
settlement. Contrary to popular belief, even engineered fills can pose problems owing to 
substantive heave at low overburden pressures (Sivakumar et al. 2010). 
2.3 Volume change behaviour of soils 
Volume changes in soils are accompanied by settlement due to compression, heave 
due to expansion, and the deformation caused by the shear stresses. Changes in the 
volume cause changes in the strength and deformation properties that in turn influence 
the stability of structures (Mitchell and Soga 2005). Volume change in soils is induced 
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by changes in moisture, environments, and temperature. The effects of seasonal weather 
changes are important and have been studied by many researchers (Kwiatkowski et al. 
2014; Toll et al. 2012; Matsuoka 2001; Day 1994; Toll et al. 2016a; Hui and Ping 2009; 
Gullà et al. 2006; Qi et al. 2012; Batenipour et al. 2012; Konrad and Lemieux 2005; Smith 
and Sciences 2004; Aho and Saarenketo 2006; Tang et al. 2018; Nowamooz and Masrouri 
2010a; Rosenbalm and Zapata 2017; Liu et al. 2016).  
2.3.1 Consolidation settlement 
The consolidation settlement is a time-dependent process that occurs in saturated 
fine-grained soils which have a low coefficient of permeability. The difference between 
the compression of granular material and the consolidation of cohesive soils is that 
compression of sands occurs almost instantly, whereas consolidation is a time-dependent 
process (Holtz and Kovacs 1981). 
The consolidation of a saturated soil occurs in three stages, namely initial 
compression, primary consolidation and secondary compression. While initial 
compression occurs instantaneously after the application of load, the primary and 
secondary compressions are time-dependent. The initial compression is due partly to the 
compression of small pockets of gas within the pore spaces, and partly to the elastic 
compression of soil grains. Primary consolidation is due to dissipation of excess pore 
water pressure caused by an increase in effective stress whereas secondary compression 
takes place under constant effective stress after the completion of dissipation of excess 
pore water pressure (Budhu 2008). 
Terzaghi (1944) derived the classical theory for one-dimensional consolidation for 
saturated soils based on specific assumptions, Tenaghi’s classical derivations 
incorporated a constitutive equation for saturated soils and a flow law. The constitutive 
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equation described the deformation of the soil structure with respect to changes in the 
stress state by using the soil property called the coefficient of volume change (mv). The 
flow rate of water during consolidation was calculated in accordance with Darcy’s law. 
Darcy’s law relates the flow rate of water to its hydraulic head gradient using the 
coefficient of permeability (Fredlund and Rahardjo 1993). 
The coefficient of permeability (k) can be calculated by using the coefficient of 
consolidation (Cv). Taylor (1942) proposed the square root-time method. Casagrande and 
Fadum (1940) proposed the log-time method. The root-time method utilises the early time 
response, which theoretically should appear as a straight line in a plot of the square root 
of time versus displacement gage reading. Equation 2.1 can be used to calculate the 
coefficient of permeability (k): 
𝑘 = 𝐶𝑣. 𝑚𝑣. 𝛾𝑤 ........................................................................ (2.1) 
where Cv  is the coefficient of consolidation, mv  is coefficient of volume change and  𝛾𝑤  
is the unit weight of water. These coefficients can be calculated from Equations (2.2) and 
(2.3): 
𝐶𝑣 =
0.196𝐻𝑜
2
𝑡50
 ........................................................................ (2.2) 
𝑚𝑣(m
2/MN) =
∆𝐻
𝐻𝑜
 (
103
∆𝑝′
) .................................................... (2.3) 
where t50  is the time correspondent to 50% of the final consolidation settlement, Ho the 
length of the drainage path and ΔH is the final consolidation settlement, and Δp’ is the 
difference in applied effective stress. 
In recent decades, a considerable amount of research on the consolidation theory 
for unsaturated soil has been conducted in the field of geomechanics, with many research 
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results being accumulated, and with great progress being made (Qin et al. 2008). Several 
theories on the consolidation of unsaturated soil were made by many researchers, for 
example, Barden (1965) and Fredlund and Hasan (1979). Besides many studies proposed 
analytical solutions (Qin et al. 2008; Qin et al. 2010; Ho et al. 2014). 
2.3.2 Collapse and Swelling behaviour 
Collapsing soils are the soils susceptible to large decrease in bulk volume when 
they become saturated. Collapse may be triggered by water alone or by saturation and 
loading acting together. Soils with collapsible structures may be residual, water deposited, 
or aeolian (Mitchell and Soga 2005). In most cases, the deposits have a loose structure of 
bulky shaped grains, often in the silt to fine sand range (Mitchell and Soga 2005).  
Swelling soils are found throughout the world and have both positive and negative 
effects associated with their swelling properties. Destructive effects to infrastructure have 
been reported on the order of billions of dollars per year (Jones and Holtz 1973). On the 
positive side, the self-healing abilities to swell soils are exploited in the development and 
design of waste repositories. Compacted swelling clays are often used in these 
applications. Expansive soil is a worldwide problem that causes extensive damage to civil 
engineering structures. Certain areas of the United States are more susceptible to damage 
from expansive soils than other areas, especially those areas that have large surface 
deposits of clay and climates characterised by alternating periods of rainfall and drought 
(Day 1994). 
Under laterally restrained conditions (i.e. Ko condition) and based on volume–mass 
relationships between soil solids, water, and air, the volume change of a swollen soil is 
usually determined in the one-dimensional oedometer swelling test by recording the 
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change in the height of the specimen. The volume change can be computed using 
Equation 2.4 (Tripathy et al. 2002). 
∆𝑉𝑉
𝑉0
=
∆𝐻
𝐻𝑖
 ................................................................................. (2.4) 
where ΔVv is the change in volume, Vo is the initial overall volume of the specimen, ΔH 
is the change in height recorded, and Hi is the initial height of specimens. 
2.3.3 Shrinkage behaviour 
Shrinkage is the reduction in total volume as the response to the evaporation of 
water from the soil. Drying a soil sample induces tensile internal stresses (pore water 
tensions) caused by capillary menisci, which forces particles to reorient and attract to each 
other, hence leading to shrinkage (Baumgartl and Köck 2004). Shrinkage behaviour is 
typically caused by evaporation (a change in the temperature), transpiration, and lowering 
the groundwater table in arid and semi-arid regions. As a particular agricultural problem, 
shrinkage in soils causes development of cracks which injure the root systems of the crop 
and depress yields.  
Besides the engineering problems related to expansive soils have been reported in 
many countries of the world but are generally most serious in arid and semiarid regions. 
As a result, highly reactive soils undergo substantial volume changes associated with the 
shrinkage and swelling processes. Consequently, many engineered structures suffer 
severe distress and damage (Tripathy et al. 2002). 
2.3.4 Frost heave 
Frost heave is the maximum increase in the height of a test specimen during the 
freezing period (BS 812-124 2009). If the water contained in the voids of a saturated clean 
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sand or gravel freezes, the structure of the soil remains unchanged. Freezing merely 
increases the volume of each void by 9% because of the expansion of the water contained 
in the void. On the other hand, if saturated fine-grained soil freezes, the process involves 
the formation of lenses of clear ice oriented roughly parallel to the surface exposed to low 
temperature. The thickness of the individual ice lenses may increase to several 
centimetres, and the soil subject to freezing assumes the character of a stratified material 
consisting of alternate lenses of soil and clear ice (Taber 1929, 1930). 
The two major components of frost heave are in-situ freezing and segregational 
frost heave. The in-situ freezing results from in-place expansion of water as it freezes in 
the pore spaces between soil particles (Konrad 1984). When soil freezes quickly, in-situ 
freezing causes the majority of the heave. Although water expands approximately 9% in 
volume when it freezes, this type of frost heave is usually limited to less than about 3% 
of the depth of the frozen zone in unsaturated soils (McCarthy 1977). The segregational 
frost heave or ice lensing has the potential to generate very significant frost heave in soils. 
For ice lensing to occur, three conditions must be met. Firstly, sustained freezing 
temperatures must exist. Secondly, free water must be available, and thirdly the soil must 
be frost-susceptible (Mitchell and Soga 2005). Experimental observations suggest that 
frost heave is caused by ice lensing associated with thermally-induced water migration 
(Taber 1930). Water migration can take place at temperatures below the freezing point, 
by flowing via the unfrozen water film adsorbed around soil particles (Sheng et al. 1995). 
The frost heave in soils has been investigated both experimentally and theoretically 
for decades. Soil texture, pore size, overburden pressure, temperature gradient or rate of 
heat removal and depth to groundwater table are the most important factors that influence 
frost heave (Taber 1930; Miller 1978; Chamberlain 1981a; Penner 1986; Konrad 1989b; 
Svec 1989; Nixon 1991; Harris 1995; Rempel 2007; Konrad 2008).  
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2.3.4.1 Frost heave measurement methods  
Terzaghi et al. (1996) stated that, based on the availability of water, two types of 
frost heave tests had been conducted in the past, namely (i) closed system frost heave test 
and (ii) open system frost heave test. The closed system frost heave test is usually carried 
out with no water source which allows the formation of ice lenses. The growth of the ice 
lenses probably continues until the water content of the lower part of soil is reduced to 
the shrinkage limit. The volume increase associated with the freezing of a closed system 
does not exceed the volume increase of the water contained in the system. In engineering 
practice, open systems are encountered wherever the vertical distance between the water 
table and the frost line is smaller than the height of capillary rise of the soil. Because the 
water that migrates out of the groundwater reservoir is continually replenished, the ice 
lenses grow continually during the frost periods, and the ground surface located above 
the zone of freezing rises. This phenomenon is commonly known as frost heave. Figure 
2.3 shows the hydraulic boundary conditions of the closed system, open system and the 
method of transforming open into a closed system by a layer of coarse sand that intercepts 
capillary flow toward the zone of freezing. 
 
Fig. (2.3): Diagram illustrating frost action in soils (a) Closed system, (b) open system; 
(c) method of transforming open into a closed system (after Terzaghi et al. 1996). 
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Several frost heave models are available currently. The models are based on the 
fundamental principles of thermodynamics and on the experimental observations. The 
models have been proposed to understand the phenomenon of frost heave and to some 
extent also in predicting frost heave for engineering purposes, such as the models 
proposed by Harlan (1973), Gilpin (1980), Konrad and Morgenstern (1981), O’Neill and 
Miller (1985),Mu and Ladanyi (1987), Padilla and Villeneuve (1992), Nishimura et al. 
(2009), Thomas et al. (2009), Zheng et al. (2015) and Li et al. (2017). 
2.3.5 Thaw settlement 
Glendinning (2007) stated that as thawing of a frozen soil takes place, a volume 
change will occur. This volume change is caused by the phase change of ice to water and 
from the flow of excess water from the soil. When soil freezes under saturated and closed 
drainage conditions, in equilibrium with the overburden pressure, the soil will expand as 
the pore water changes state. The associated volumetric strain can be expressed as the 
ratio of the densities of liquid water and ice (0.09) multiplied by the porosity of the soil. 
Upon thawing under undrained conditions, the soil is expected to return to its initial 
volume. Additional volume changes can be observed in drained conditions when the soil 
thaws which results from the mechanical effects, such as consolidation and soil structure 
changes that take place during previous freezing cycles (Andersland and Ladanyi 2004). 
Earliest thaw consolidation tests were done by Tsytovich (1960). A typical result 
of the thaw-settlement experiment is shown in Figure 2.4. It can be seen that a small 
decrease in void ratio occurs under frozen conditions for an increase in load (point A to 
B). Upon thawing, a large decrease is observed (B to C) due to phase change and drainage 
of the excess pore water. The pressure σo is usually selected on the basis of the effective 
Chapter two .................................................................................................................... Literature review 
 ____________________________________________________________________________  
22 
overburden pressure for the field sample. Under an increase in pressure, Δσ, consolidation 
will take place until a new equilibrium void ratio is reached (point D). 
 
  
Fig. (2.4): Typical void ratio versus pressure curve for frozen soils subject to thawing 
(after Andersland and Ladanyi 2004) 
Ballantyne and Harris (1994) stated that the generation of pore water pressures 
during the thawing process depends on the ratio between the rate of thaw and the rate of 
consolidation. This ratio is known as the thaw-consolidation ratio (R). Morgenstern and 
Nixon (1971) defined the thaw-consolidation ratio, R, as a relation between constant 
relating to depth of thaw (α) to the square root of time as given by the Neumann solution 
(Carslaw and Jaeger 1959) and is the coefficient of consolidation (Cv). 
Morgenstern and Nixon (1971) reported that as a first approximation, a value of R 
greater than unity would predict the danger of pore water pressures being sustained at the 
thaw line, giving the possibility of instability. In order to validate the theory of one-
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dimensional consolidation of thawing, Morgenstern and Smith (1973) and Nixon and 
Morgenstern (1974) conducted one-dimensional thaw consolidation tests on remoulded 
clays and undisturbed frozen Arctic soils in a specialised oedometer in which a sudden 
constant increase in surface temperature could be applied. The test results showed that 
the soil behaviour could be adequately represented by the theory.  
The one-dimensional consolidation of thawing Arctic soils is discussed in further 
detail in Nixon (1973). Further investigations on thermal properties, the application of 
residual stress and slope failure of thawing soils was done by Nixon and McRoberts 
(1973), Nixon and Morgenstern (1973) and McRoberts and Morgenstern (1974). 
2.3.6 Segregation potential  
Several researchers have attempted to relate frost heave to soil index properties. 
Furthermore, a lack of uniformity of test equipment, test procedures, and techniques to 
interpret the results have some of the drawbacks of laboratory frost heave testing (Konrad 
1987). 
The segregation potential (SPt) concept introduced by Konrad and Morgenstern 
(1980, 1981, 1982a, b) has provided the opportunity to develop an engineering approach 
to address field frost heave problems. Theoretically, the determination of SPt from 
laboratory results requires the measurement of the water intake velocity and the 
temperature gradient in the frozen fringe in a step freezing test in which the soil response 
is at the "near steady state" condition. The segregation potential theory of frost heave 
states that the velocity of water arriving, vᵩ, at the advancing frost front is related to the 
temperature gradient in the frozen soil just behind the frost front (Konrad and 
Morgenstern 1981, 1982b). The SPt of soil can be determined using Equation 2.5: 
𝑣ᵩ = SPt .ΔTf ........................................................................ (2.5) 
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where 𝑣ᵩ is the total water velocity supplied to the active ice lens and ΔTf is the 
temperature gradient in the frozen fringe when the soil has reached a steady state 
condition.  
The rate of heave is solely a result of the growth of the final ice lens, and the rate 
of volume change generated by frost heave is representative of the rate of water migrating 
to the ice lenses (Konrad and Morgenstern 1981). The total heave rate (dh/dt) can be 
calculated from Equation 2.6 (Konrad and Seto 1994): 
𝑑ℎ 𝑑𝑡⁄ = 1.09 𝑣ᵩ .................................................................... (2.6) 
From Equations 2.4 and 2.5, the SPt  in terms of total heave rate can be found from 
Equation 2.6 as follow (Konrad and Seto 1994): 
SPt =
𝑣ᵩ 
grad Tf
=
(𝑑ℎ 𝑑𝑡⁄ )/1.09
∆Tf
 .................................................. (2.7) 
The SPt can be determined experimentally from Equations (2.5) to (2.7) using the 
corresponding heave rate data and the temperature gradient across the frozen fringe 
when thermal steady state condition is reached (Konrad and Seto 1994; Konrad 2005; 
Konrad and Lemieux 2005).  
Many researchers have used the SPt concept to analyse frost heave data from field 
and laboratory tests. It has been used successfully for predicting the frost heaving effect 
related to chilled pipelines and artificial ground freezing (Konrad and Morgenstern 1984; 
Nixon 1982,1992). Konrad (1987) introduced a procedure to calculate the SPt based on 
accurate measurements of total heave by taking into account the amount of heave from 
the in-situ freezing of porewater which yields relevant freezing characteristics of soils.  
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Konrad (1989) used the concept of SPt in analysing the laboratory results to show 
that the temperature of ice lens formation is a function of soil type, gradation, initial water 
content and void ratio. Konrad (1999) showed that the segregation potential is a good 
frost-susceptibility indicator, besides providing the possibility to predict frost heave in 
the field. Konrad (2005) reported that the prediction of segregation potential values, using 
the reference of frost heave characteristics approach, is more robust and reliable than 
other empirical approaches that do not specifically distinguish between clay and non-clay 
fines. Konrad and Lemieux (2005) showed that the segregation potential increases 
linearly with increasing the kaolinite fraction and that the freeze-thaw cycles had little 
effect on the value of segregation potential. Batenipour et al. (2012) presented the 
segregation potential of soils from the data collected from an instrumented full-scale 
engineered embankment. Recently, Hendry et al. (2016) assessed the frost heave 
susceptibility of Devon silt and the fines generated from the abrasion based on the rate of 
segregation heave and the segregation potential under certain freezing conditions. 
2.4. Experimental studies of freeze-thaw cycles on soil behaviour 
  A number of  researchers have studied the effects of freezing and thawing on 
various properties of soils, such as soil structure (Chamberlain and Gow 1979; Eigenbrod 
et al. 1996; Cui et al. 2014; Aldaood et al. 2014; Zheng et al. 2015), hydraulic 
conductivity (Chamberlain et al. 1990; Kim and Daniel 1992; Benson and Othman 1993; 
Bowders and McClelland 1994; Kraus et al. 1997; Viklander and Eigenbrod 2000; 
Konrad and Samson 2000 a, b;  Konrad 2010; Jamshidi and Lake 2014; Fouli et al. 2013; 
Makusa et al. 2014), shear strength parameters (Simonsen and Isacsson 2001; Cui et al. 
2014) and unconfined compressive strength (Solanki et al. 2013; Jamshidi and Lake 2014; 
Aldaood et al. 2014). Soils with significant fine fractions and exposed to freeze-thaw 
cycles have been found to show changes in the volume, strength, compressibility, 
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redistribution of pore water, densification and have exhibited microstructural changes, 
such as the formation of cracks and particle rearrangement (Konrad 1989c; Kim and 
Daniel 1992). The Atterberg limits have been shown to get affected. The bearing capacity 
was found to be reduced due to large pore water pressures when the frozen soil thaws 
(Viklander and Knutsson 1997). 
Cyclic freeze-thaw actions may change the structure of the soils due to the 
cryogenic suction/pressure generated in the freezing process (Thomas et al. 2009; Wang 
et al. 2016), besides the change in soil structure particles that cause the formation of ice 
lenses (Taber 1930; Viklander 1998b). Therefore, the engineering properties of the soil 
could be changed after experiencing freeze-thaw cycles. The deformation induced by the 
frost heave and thaw settlement differs depending on the soil type and the stress history 
of soil (Chamberlain 1981b). 
Experimental studies on soils experiencing cyclic freeze-thaw process started 
during the 1970s. One of the first tries to investigate the cyclic freeze-thaw on normally 
consolidated fine-grained soil was by Chamberlain and Gow (1979). The soil samples 
were frozen using a consolidometer apparatus with free access to water. Freeze-thaw 
cycling was repeated until little or no change in the void ratio, or permeability occurred. 
The structure and permeability of the tested soils were found to be changed after freeze-
thaw cycles. The mechanism was interpreted based on the size of the mineral fraction of 
the fine soil using two highly idealised arrangements shown in Figure 2.5.  
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Fig. (2.5): Particle orientations after freeze-thaw cycle: (a) Clayey silts, (b) Silty clay 
(after Chamberlain and Gow 1979) 
With reference to Figure 2.5, for fine soil with fewer clay minerals, such as clayey 
silts, the large particles (silt) control the packing, while the clay particles are arranged in 
packets with a flocculated orientation and free to move in the voids (Figure 2.5a). In this 
case, the coarse-grained particles control the compressibility, whereas the clay particles 
control the permeability. After freeze-thaw cycles, there is little or no change in the void 
ratio since the rearrangement of the coarse grains due to freezing is limited. However, the 
permeability increases because of the freeze-thaw cycles and cause the clay packets to 
collapse to a denser state, but the packets become more dispersed, leaving wider channels 
for fluid flow. For fine soil with mostly clay minerals, such as silty clay, the flocculated 
clay particles form a matrix in which the large grains float without being in contact with 
each other (Figure 2.5b). In this case, the clay particles control both the compressibility 
and the permeability. After freeze-thaw cycles, the clay packets are forced to rearrange 
into a more dispersed and denser state so that a noticeable decrease in void ratio occurs. 
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However, the densification of the soil does not reduce the permeability, rather the 
permeability increases because of shrinkage cracks formed after freeze-thaw cycles. 
Graham and Au (1985) also stated that the freezing caused the development of a clearly 
defined fissure structure. Softening at low stresses with access to water produced less 
marked effects. 
Chamberlain (1981b) discussed the overconsolidation effect (suction forces) of 
freezing in soils and developed a method to determine the maximum suction that occurred 
during the freezing process. The results showed that the thaw settlement appears to be 
linearly related to the ratio of the initial water content to the plastic limit, and after a 
freeze-thaw cycle, a decrease in volume is observed as compared to the initial volume of 
soil before freezing. 
Konrad (1989a) conducted repeated freeze-thaw tests on clayey silts with various 
overconsolidation ratios and found out that the void ratio of thawed soil decreased for 
lightly overconsolidated soils, but increased for heavily overconsolidated soils. The same 
research compared the segregation potential after each freeze-thaw cycle. It was observed 
that the segregation potential reduced after each freeze-thaw cycle, and most of the 
changes occurred during the first three cycles. Konrad (1989c) presented X-ray 
photographs of the soil specimens subjected to freeze-thaw cycles. The study indicated 
that the soil density changes (therefore the structure) and is caused by freezing occurring 
in the frozen zone at temperatures below that of the warmest ice lens. The tests also 
showed an increase in hydraulic conductivity of soils after freeze-thaw cycles, which was 
consistent with the findings of Chamberlain and Gow (1979). 
Chamberlain et al. (1990) investigated the effect of freeze-thaw cycles on the 
permeability and structure of compacted silt-loam-clay soils. The results showed that 
freeze-thaw cycling caused the void ratio to increase slightly, probably because of the 
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expansion of water to ice. While the permeability did not follow a regular pattern of 
increasing or decreasing and the degree of saturation increased significantly after freeze-
thaw cycling.  
Cyclic one-dimensional open-system freezing and thawing tests were performed 
by Eigenbrod (1996) on soft, fine-grained soils. Depending upon the initial moisture 
content and plasticity of the soils, the volume change was found to be as high as 30% 
after thawing. Eigenbrod et al. (1996) monitored the pore water pressure in one-
dimensional freezing and thawing tests on lightly overconsolidated fine-grained soils. 
The maximum negative pore pressure could be correlated to the compression observed in 
the soft clay specimen subjected to freezing and thawing, which is often referred to as 
freeze-thaw consolidation. In the study, stiff clay with water content close to plastic limit 
did not show freeze-thaw consolidation. 
Viklander and Eigenbrod (2000) carried out one-dimensional open system type 
cyclic freeze-thaw tests on silty and sandy soil specimens with stone inclusions. The 
effect of compaction water contents on soil heave and stone movements at the end of each 
freeze-thaw cycle was studied as well. The study showed that both stone heave and soil 
heave were the highest for soils compacted at optimum water content and the amount of 
stone heave and soil heave decreased with increasing compaction water contents. There 
was no heave or stone movement at water content exceeding the optimum water content 
by 5 to 6 %.  
Wang et al. (2007) studied the change in sample height and water content and the 
mechanical properties of compacted Qinghai–Tibet clay after exposing to a maximum of 
21 closed-system freezing and thawing cycles. For the soil investigated, the height of the 
specimen increased, and the water content decreased with progressing of freeze-thaw 
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cycles during the first seven cycles. However, after seven freeze-thaw cycles, the 
movement and the water content of the soil remained constant. 
Qi et al. (2008) conducted tests on a silty soil with one freeze-thaw cycle to 
investigate changes to the engineering properties of the soil. A critical dry unit weight 
was found beyond which the unit weight of soil, the cohesion and the pre-consolidation 
pressure decreased. Hui and Ping (2009) performed frost heave and cyclic freeze-thaw 
tests on red silty clay along the Qinghai-Tibet railway route to investigate the amount of 
frost heave, the distribution of moisture at the end of the experiment and the final dry 
density profile. The results showed that the amount of frost heave decreased with the 
number of freeze-thaw cycles, moisture contents increased in the freezing section and 
decreased in the unfrozen section, and the dry density of the soil increased in the lower 
parts and varied in the upper parts where the ice lens development occurred. 
Konrad (2010) examined the influence of several freeze-thaw cycles on the 
hydraulic conductivity changes of a glacial till from Pe´ribonka in Quebec, Canada. 
Saturated slurried consolidated samples and compacted at dry side of optimum conditions 
samples were subjected to closed-system freezing, thawing as well as constant-head 
permeability tests.  The results showed that the change in hydraulic conductivity is offset 
by thaw-induced settlements, which lead to a decrease in the void ratio of the soil. The 
freeze–thaw-induced decrease in the void ratio is essentially related to the void ratio prior 
to the freezing process. 
Aldaood et al. (2014) investigated the impact of freeze-thaw cycles on the 
mechanical and mineralogical behaviour of gypseous soils stabilised with lime following 
the ASTM procedure. The water content and volume changes were evaluated for the tested 
specimen. The water content increased greatly in the first cycle and then slightly during 
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the following cycles in all the soil samples, whereas the volume change increased 
continuously with the number of cycles. 
Wang et al. (2016) conducted tests that included frost heave-thaw shrinkage and 
microstructure changes during freeze-thaw cycles to evaluate the volume change rate of 
loess stabilised with cement, lime, and fly ash. The stabilised samples exhibited 
approximately 20% of volume change than the pure loess. 
2.4.1 Influence of initial conditions on freeze-thaw behaviour 
The initial void ratio and the degree of compaction have significant impacts on 
the microstructural changes taking place in the soil when exposed to freeze-thaw cycles. 
This process is schematically illustrated in Figure 2.6 for initially loose and dense soils. 
Viklander (1998a) stated that for the loose soil, the volume increase during freezing is 
caused by ice-lensing, and the volume decrease during thawing is due to the consolidation 
of the soil matrix. Therefore, the density tends to increase, and the larger soil particles 
come closer. On the other hand, in the initially dense soil, the volume tends to increase 
during freezing, and during thawing, most of the volume increase will disappear as the 
soil matrix consolidates. In the final condition, the volume remains the same as prior to 
freezing owing to the absence of microstructural changes. The soil particles, therefore, 
have essentially the same position after freeze/thaw as before freezing causing a net 
volume increase of the soil while making the soil structure slightly looser than prior to 
freezing. The findings reported by Chamberlain and Gow (1979) and Eigenbrod (1996) 
supported the earlier works. 
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Fig. (2.6): Microstructural effects due to freezing and thawing (after Viklander 1998a) 
Viklander (1998a) conducted a set of freezing and thawing tests on fine-grained 
non-plastic till, with each experienced eighteen freeze-thaw cycles. The void ratios 
decreased for samples with the initially high void ratio (e = 0.56) and increased for 
samples with the initially low void ratio (e = 0.25). The residual void ratio ranged from 
0.31 to 0.40 for both initially dense and loose soils after 1 to 3 freezing cycles. Viklander 
(1998b) measured the movements of an embedded stone in compacted till using the X-
ray technique after exposing the soil to 10 cycles of freeze-thaw. The finding supports the 
idea that a residual void ratio (eres) exists in a till after a certain number of freezing and 
thawing (Nres). Soils with low initial void ratio will become looser, and the void ratio will 
approach the residual value, whereas the initially loose soils will become denser and the 
void ratio will also approach the ultimate residual value as shown in Figure 2.7. 
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Fig. (2.7): Residual void ratio in terms due to number of freeze-thaw cycles (after 
Viklander, 1998a) 
Qi et al. (2008) tested compacted samples of a silty soil (Lanzhou loess), with the 
dry unit weight ranging from 15.3 to 17.3 kN/m3 and under different freezing conditions 
to explore freeze–thaw-induced changes on the engineering properties of the soil. They 
stated that under the same freezing condition, there is a critical dry unit weight which will 
influence the dry unit weight after freeze-thaw cycles. When the dry unit weight is smaller 
than the critical value, the soil is densified by freeze-thaw; when the dry unit weight is 
larger than the critical value, the dry unit weight of the soil decreases. Soils compacted at 
critical dry unit weight; the dry unit weight remains unchanged after freeze-thaw cycles. 
These findings are quite compatible with the conclusions reported by Wang et al. (2015).  
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2.4.2 Factors affecting the volume change behaviour of soils due to freezing-thawing 
Besides the effects of soils types and its classification on the frost heave and thaw 
settlement that reported in sections 2.3.4 and 2.3.5, one of the most important factors that 
influence the volume change behaviour soils during freezing-thawing cycles is the 
freezing rate or the cooling rate (Penner 1986; Konrad 1987; Konrad 1988; Benson and 
Othman 1993). Svec (1989) stated that a thinner freezing fringe accompanied by a lower 
segregation temperature would result in a higher rate of heave. In the high range of frost-
penetration rates, the freezing process becomes so fast that there is not enough time to 
establish significant water flow between successive locations of ice segregation sites. As 
a result, the heave rate must decrease.  
The ice segregation takes place if the pore pressure reaches a threshold value and 
a new ice lens forms in the direction of heat removal (Miller 1978; Gilpin 1980; O’Neill 
and Miller 1985; Nixon 1991). Moisture accumulation and the volumetric expansion due 
to pore water phase change in both the fully frozen soils and ice lens result in the frost 
heave (Thomas et al. 2009). Therefore, researchers have used different types of insulation 
to ensure one-dimensional heat removal (Chamberlain et al. 1990; Eigenbrod 1996; 
Viklander 1998a, b). 
2.5 Cyclic wet-dry behaviour of soils  
Wetting-drying processes are considered to be linked to the seasonal weathering 
processes. These processes tend to modify the mechanical properties of soils. Weathering 
causes both physical and chemical phenomena in which air and water play a major role 
(Gullà et al. 2006). Many researchers have studied the effects of wetting-drying cycles on 
the engineering and physical properties of soils, such as the change in fabrics (Kodikara 
et al. 1999; Seguel and Horn 2006; Nowamooz and Masrouri 2010a, b), the unsaturated 
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haydraulic condictivity (Fredlund et al. 1994; Boardman and Daniel 1996; Huang 1998; 
Lin and Benson 2000; Malusis et al. 2011) and the unsaturated shear strength parameters 
(Allam and Sridharan 1981; Gan and Fredlund 1996; Vanapalli et al. 1996; Gallage and 
Uchimura 2006; Guan et al. 2010; Goh et al. 2014; W. Liu et al. 2016a), besides the 
therotical models to simulate the wer-dry behaviour (Gallipoli et al. 2003a, b; Gallipoli 
2012). 
Numerous investigations have been conducted that have focused on the change of 
volumetric and mechanical properties of soils due to wetting-drying cycles (Osipov et al. 
1987; Dif and Bluemel 1991; Al-Homoud et al. 1995; Pardini et al. 1996; Sivakumar et 
al. 2006). Fine-grained soils undergo volume increase (swell) when the water content is 
increased as a consequence of suction reduction. On the other hand, an increase in suction 
results in a reduction in the volume of collapsible soil and induces shrinkage due to a 
reduction in the water content (Fredlund and Rahardjo 1993). 
The effects of cyclic wet-dry processes on the volume change behaviour of soil 
are related to swelling and shrinkage behaviour of expansive soils. Expansive soil is a 
term generally applied to any soil or rock material that has the potential for shrinking or 
swelling under changing water content. An increase in water content causes the soil to 
swell. The shrinkage of soil is caused by evaporation and evapotranspiration. Problems 
associated with expansive soils are widespread throughout the five continents (Chen 
2012).  
A number of research studies are available on laboratory cyclic swell-shrink tests 
on compacted expansive soils. Day (1994) studied the cyclic swell-shrinkage behaviour 
of a compacted silty clay soil by inundating soil samples in distilled water and dried the 
samples under the sunshine. The soil exhibited near constant swelling and shrinkage 
strain after several wet-dry cycles. The results showed that the first cycle of wet-dry 
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produced low values of both swell and shrinkage, but the amount of swell or shrinkage 
dramatically increased with the increasing of cycles and as a result increased in the 
volume of the compacted silty clay soil. Al-Homoud et al. (1995) investigated the swell-
shrinkage behaviour of six collected soils from different locations of Irbid, Jordan. The 
results showed that equilibrium in terms of deformation occurred after 4 to 5 swell-shrink 
cycles accompanied by rearrangement of particles during cyclic wetting and drying 
processes. 
Swell-shrink tests involving full and partial shrinkage cycles on four selected 
expansive soils are reported by Basma et al. (1996). The result pointed out that an 
equilibrium can be attained after several cycles. Destruction of large aggregates and fabric 
changes were found to take place with increasing number of cycles. Tripathy et al. (2002) 
used a modified odometer setup to conduct cyclic swell-shrink tests. The results showed 
that the equilibrium swell-shrink path in terms of water content and void ratio depends 
upon the surcharge pressure and swell-shrink pattern. Subba Rao and Tripathy (2003) 
studied the effect of ageing on the swell-shrink behaviour under various surcharges. The 
results showed that the ageing effect remains (a decrease in swelling strain) for soils 
subjected to lower shrinkage magnitudes. The effect of a change in swell-shrinkage 
pattern was also studied by Tripathy and Subba Rao (2009). The results showed that the 
equilibrium state was accompanied by fatigue of swelling and a decrease in the volumetric 
strain for the specimens subjected a greater shrinkage magnitude.  
Rosenbalm and Zapata (2017) conducted tests involving wetting-drying cycles to 
study the volume change behaviour of soils collected from Anthem, Arizona, and Denver, 
Colorado. The samples were tested at different initial compacted conditions and at 
different net normal stresses. The results showed that the swelling and shrinkage strains 
and the swell pressure reached equilibrium after four cycles of wetting and drying. 
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2.6 Testing devices for studying freeze-thaw and wet-dry behaviour of 
soils 
Several devices have been used to study the effect of freeze-thaw and wet-dry 
cycles on the volume change behaviour of soils. Some of the devices are based on 
conventional devices, particularly for performing the cyclic wet-dry tests. Most of the 
devices used so far for conducting freeze-thaw tests are uniquely designed. The following 
sections review the main features of some of the devices. 
2.6.1 Freeze-thaw test devices 
U.S. Army Cold Regions Research and Engineering Laboratory (CRREL) 
consolidometer (Figure 2.8) was one of the first apparatus that used to study the effect of 
freezing and thawing on the volume change and permeability fine-grained soils. It 
consists of a Teflon-lined Plexiglas cylinder with a 63.5-mm inside diameter and 152.4-
mm outside diameter and contains thermoelectric cooling devices for controlling 
unidirectional freezing (Chamberlain et al. 1990)  
Chapter two .................................................................................................................... Literature review 
 ____________________________________________________________________________  
38 
 
Fig. (2.8): Consolidometer for freezing-thawing on soils permeability test (after 
Chamberlain and Gow, 1979). 
Eigenbrod  (1996) used an open system device for conducting cyclic freeze-thaw 
tests on soft normally consolidated clays at low-stress levels (Figure 2.9). The test setup 
consisted of a PVC cylinder with an inside diameter of 95 mm and a height of 210 mm. 
Lithium grease was applied to the walls of the cylinder to mitigate adfreezing effect (i.e. 
frictional resistance developed between soil specimen and the cylinder wall during the 
freezing process). A continuous supply of water was made to the specimen placed inside 
insulated boxes to ensure one-dimensional freezing. The vertical deformation was 
recorded during the test by using a dial gauge. 
Chapter two .................................................................................................................... Literature review 
 ____________________________________________________________________________  
39 
 
Fig. (2.9): Setup for one-dimensional, open system cyclic freezing-thawing tests (after 
Eigenbrod, 1996) 
Viklander (1998) tested the permeability of small and large samples of a fine-
grained till by using three different types of rigid-walled permeameters (52, 77, 297 mm 
in diameter, and 180, 450, 380 mm in height) (Figure 2.10). For freezing, two different 
methods were used. In the first method, the perimeter of the largest cylinder was covered 
by 70 mm of insulation (Styrofoam). Thus, the sample was frozen and thawed one-
dimensionally in a closed system, in each stage at a constant temperature. The smaller 
cylinders were covered with 50 mm Styrofoam insulation to ensure one-dimensional 
freezing in a closed system by storing in a cold-room. The perimeter of the cylinders and 
the base were insulated. Therefore, the freezing propagated in one dimension from the 
upper surface. 
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Fig. (2.10): A view of large rigid wall PVC parameter type “F” (after Viklander, 1998a) 
A plexiglass cylinder (Figure 2.11) was used by Viklander and Eigenbrod (2000) 
for testing a silty sandy soil in order to study movements of embedded stones and to 
measure how the overall permeability was influenced by freeze-thaw cycles in an open-
system cylinder. The bottom of the soil was connected to an external water supply in order 
facilitate unrestricted ice lens formation during freezing and drainage during thawing. 
The cylinders were 250 mm in high with a diameter of 100 mm. The vertical movements 
were measured along a rod, which was attached to the stone and extended above the soil 
surface. 
 
Fig. (2.11): Laboratory equipment used in test (after Viklander and Eigenbrod 2000) 
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Qi et al. (2008) carried out freeze-thaw tests on a compacted silty soil samples. 
All soil samples had a diameter of 101 mm and height of 150 mm (Figure 2.12). The 
prepared samples were placed in a cell and then placed in an environmental box for 
freeze-thaw processes in a closed-system (i.e. no water supply was made during the tests). 
Some vaseline was applied on the wall of the cell to reduce the frictional effect on frost 
heave and thaw settlement. The samples were frozen unidirectionally from the top under 
a constant temperature. The freezing process was stopped when frost heave ceased. The 
samples were then allowed to thaw until thaw settlement stabilised. 
 
Fig. (2.12): A schematic diagram of the freeze-thaw apparatus (after Qi et al. 2008) 
 Wang et al. (2015) used a testing system to determine frost heave and thaw 
subsidence of subgrade fill materials from the Nagqu Logistics Center Yard (NLCY) 
along the Qinghai–Tibet railway. The test set up consisted of a sample cell, top and 
bottom cold plates, commercial constant-temperature cold baths, a Markov bottle, 
insulation cotton, temperature and displacement sensors and a data acquisition system, as 
shown in Figure 2.13. 
. 
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Fig. (2.13): Test devise for frost heave and thaw subsidence tests (after Wang et al. 
2015) 
Based on the reviewed devices the following are considered to be the main 
features of the freeze-thaw test set ups: (i) the specimen size allowed exposure to freeze 
and thaw processes, (ii) the side insulation exists to ensure the unidirectional freezing, 
(iii) the temperature change measured at several locations along the length of the tested 
specimens, (iv) appropriate arrangements were made to mitigate the friction and 
adfreezing effects during heaving of the specimens, and (v) the source of water satisfied 
an open-system of testing. 
2.6.2 Wet-dry test devices 
Tripathy et al. (2002) conducted cyclic swell-shrink tests on compacted specimens 
of expansive soils using a modified fixed ring oedometer cell (Figure 2.14). Soil samples 
were compacted to a height of 13 ± 0.5 mm directly in a stainless steel oedometer ring, 
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76.2 mm in diameter and 38 mm in height. The apparatus facilitated swelling, as well as 
shrinkage of the soil specimens under predetermined surcharge pressures. The setup 
consists of a fixed-ring oedometer cell placed inside a stainless-steel container (outer 
jacket). The outer face of the outer jacket holds a 1 kW capacity coil tightly sandwiched 
between two flexible asbestos sheets. The flexible asbestos sheets serve as an insulator. 
The two ends of the coil were connected to porcelain connectors to which power was 
provided through a temperature controller. A known surcharge pressure was applied to 
each specimen using the lever arm of action of the oedometer frame. The same device 
was used by Tripathy and Subba Rao (2009) to study in detail the effect of changes in 
shrinkage pattern on the swell-shrink behaviour of compacted expansive soils. 
 
Fig. (2.14): Schematic diagram of the experimental setup. 1, outer stainless steel jacket; 
2, water jacket; 3, bottom porous stone; 4, outer ring; 5, specimen ring; 6, 
pressure pad; 7, pressure ball; 8, top porous stone(after Tripathy et al. 2002). 
Dif and Bluemel (1991) studied the effect of cyclic drying and wetting on the 
volume change behaviour of undisturbed specimens of expansive soils using a modified 
oedometer cell (Figure 2.15). The cell was made of Perspex to minimise the weight of the 
apparatus so that weighing accuracy was ensured. The modified cell was calibrated 
according to ASTM D 2435. The deflections from the calibration test were subtracted 
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from the deflection of the test of samples for each load increment. All specimens were 70 
mm in diameter and 20 to 25 mm in thickness to minimise the side friction effect. 
 
Fig. (2.15): The  modified oedometer cell (after Dif and Bluemel 1991)  
Al-Homoud et al. (1995) and Basma et al. (1996) used a conventional odometer 
to carry out swell-shrink tests of expansive soils. The soil samples were air-dried to initial 
water content within the laboratory environment. Several other researchers have studied 
the volume change response of soil samples subjected to wetting and drying cycles with 
the controlled suction technique (Alonso et al. 2005; Liu et al. 2012; Nowamooz et al. 
2013). 
It can be recognised that the technique used for assessing the volume change 
behaviour under wet-dry cycles is less complex than the freeze-thaw tests. In the cyclic 
wet-dry tests the temperature along the specimens was measured. The source of heating 
is not essential to conduct drying cycles. The specimens used were smaller than the 
dimensions of the specimen needed for freeze-thaw tests. 
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2.7 Combined freezing, thawing, wetting and drying effects on soils 
One of the earliest research on the combined effects of the four processes (wetting, 
drying, freezing and thawing) is reported by Sillanpää and Webber (1961). These 
researchers studied the change in the mean weight diameter (MWD) of aggregates, which 
is the sum of the mass fraction remaining on each sieve after sieving multiplied by the 
mean aperture of the adjacent sieves (Legout et al. 2005). The tests conducted on three 
fractions (natural aggregates of size 2 to 3 mm, aggregates prepared by crushing the 
natural aggregates and aggregates obtained from sieving dry soils). The materials were 
exposed to many cycles of wetting-drying before implementing freezing-thawing cycles 
in predetermined sequences. They found that the wet-dry cycles increased the MWD of 
larger particles, but it has a limited effect on the smaller aggregates, whereas the cyclic 
freeze-thaw significantly decreased the MWD of the large aggregates and increased in 
the case of crushed aggregates. 
Several researcheres have studied the effects of freezing-thawing separately from 
wetting-drying effects on soils. Pardini et al. (1996) investigated the freezing-thawing or 
wetting-drying cycles on erosion effects on the structure and porosity of a clay-silt soil 
from Spain. They stated that changes in the water content and structural modification of 
soils may occur due to the weathering processes. Priemé and Christensen (2001) 
investigated the effects of drying-wetting and freezing-thawing on the emission of nitrous 
oxide, carbon dioxide and methane from soil cores from sites in three different countries. 
Similarly, Daou et al. (2016) determined the impact of climatic processes on soil 
microbial functions of four different soils under various series of freezing-thawing or 
drying-rewetting cycles. Additionally, some researchers have investigated the impacts of 
weathering processes on various properties of rocks (Kim 2013; Özbek 2014). A study of 
the effect of heating and freezing temperatures on the pore size distribution of saturated 
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kalinite clays is reported by Darbari et al. (2017) using scanning electron 
microscope/focused ion beam (SEM/FIB) techniques. They stated that the increase in the 
size of the larger pores was found to be more than the increase in the size of the small 
pores upon freezing because of the larger water volume in the former, whereas the smaller 
pores increase in size upon heating, while the size of the larger pores decreases as a result 
of the anisotropic thermal expansion coefficient of clay particles. 
Testing the durability regarding compressive strength and a loss of weight of soil 
of stabilised soils against both the effects of freezing-thawing and wetting-drying cycles 
have been studied according to ASTM D560/D560M (2015) by Ahmed and Ugai (2011). 
They investigated the effect of environmental factors in terms of freeze-thaw and wet-dry 
cycles, on the durability of soil stabilised with recycled gypsum ranging from 0 to 20%. 
They stated that freeze-thaw cycles have a significant effect on the durability reduction 
of stabilised soil as compared to the effect of wet-dry cycles. Similarly, Diagne et al. 
(2015) tested the durability of recycled clay bricks (RCB) mixed with recycled concrete 
aggregates (RCA) as an unbound base course in road construction with different mixtures 
under a number of freeze-thaw and wet-dry cycles and its effects on the soil-water 
characteristic curve (SWCC). The results showed that the durability of pavement could 
be influenced by repeated freeze-thaw cycles, wet-dry cycles, or a combination of both. 
Gullà et al. (2006) investigated the effects of wetting-drying-freezing-thawing 
cycles on the compressibility and shear strength of overconsolidated natural clay from 
south Calabria, Italy. The standard equipment (oedometer and direct shear box) were used 
in the study. The results showed that cycles of different processes caused a change in the 
initial microstructure, a decrease in the compression index, an increase in the swelling 
index and a decrease in the peak shear strength of the soil. Recently, Kong et al. (2017) 
conducted dry-wet-freeze-thaw cycles on a yellow-brown swelling mudstone from the 
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Jilin-Hunchun high-speed railway line in Yanji, China. The changes in shear strength 
characteristics were studied using consolidated drained (CD) triaxial test and 
microstructure investigation were carried out on the samples as well. The results showed 
the shear strength decreases as the number of dry-wet-freeze-thaw cycles increases. 
From different perspectives, the comparison between the soil-freezing 
characteristic curve (SFCC) and soil-water characteristic curve (SWCC) was made by 
many researchers as an attempt to link the frozen-unsaturated properties of soils. 
Koopmans and Miller (1966) measured both the SFCC and SWCC for three different 
soils and stated the similarity between both curves due to the similarity in the physical 
processes that the soil experienced. Therefore, the SFCC can be used as a tool to estimate 
or predict the SWCC (Black and Tice 1989; Spaans and Baker 1996; Liu et al. 2013; Ma 
et al. 2017). Additionally, Ren and Vanapalli (2017) stated that the SFCC exhibits 
hysteretic behaviour similar to the SWCC. 
From a detailed review of the literature presented in this chapter, it can be 
concluded that research works on the combined effects of the weathering processes 
(freezing, thawing, wetting and drying) on the volume change behaviour of geomaterials 
are very limited. Reported works on various particulate geomaterials with different 
physical and chemical properties and their response to cycles of dry-wet-freeze-thaw 
cycles are scarce. The impact of climate change may cause exposure of geomaterials to 
processes that the materials had never encountered before. Some of the examples are the 
soils from the Middle East, and similar examples can be drawn from a number of other 
places which are currently being exposed to excessive drying and flooding conditions. 
Additionally, the materials that currently undergo freeze-thaw cycles may be subjected to 
wet-dry cycles in the future. Similarly, the materials that currently undergo dry-wet cycles 
may be subjected to freeze-thaw cycles. Therefore, there is a need to explore the volume 
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change behaviour of various geomaterials by exposing the materials to a combination of 
a variety of anticipated weathering patterns. This research, therefore, aims to explore the 
volume change behaviour of geomaterials under predetermined weathering patterns 
(freezing-thawing, wetting-drying with intermittent freeze-thaw cycles and dry-wet-
freeze-thaw cycles). 
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2.8 Concluding remarks 
In this chapter, a brief review of the concepts of freezing, thawing, wetting and 
drying as well as the volumetric response of soils to these processes are presented. A 
review of the experimental research of both cyclic freeze-thaw and cyclic wet-dry on 
various properties of soils were included. The testing devices used for studying the effects 
of both cyclic wet-dry and freeze-thaw processes on the volume change behaviour of soils 
are presented. Additionally, studies involving various weathering processes and their 
effects on various properties of soil are discussed to highlight the scientific research gap. 
A review of literature highlighted some specific aspects related to freezing, 
thawing, wetting and drying of soils. These include: 
(1) The volume change response depends upon the properties of soils. 
(2) The initial conditions and freezing mode have significant effects on the 
frost heave of frost-susceptible soils 
(3) In general, the size of tested specimens for studying the freeze-thaw effects 
is larger than the specimens for studying the wet-dry effects. 
(4) Different techniques and procedures have been used by various 
researchers to conduct either cyclic freeze-thaw or cyclic wet-dry tests. 
(5) The temperature changes along the depth of samples during freeze-thaw 
tests are required for analysing and interpreting the test results. 
(6) The combined effects of freezing, thawing, drying and wetting on 
geomaterials have not been fully investigated yet. 
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CHAPTER 3 
Materials and methods 
 
3.1 Introduction 
The engineering properties of soils (viz., volume change, shear strength, 
permeability) depend upon the physical properties of the soil solids and chemical 
properties of the pore fluid (Mitchell and Soga 2005). This chapter presents the properties 
of materials used in this research. The compaction characteristics and consolidation 
behaviour of the materials used are presented along with the fabric and structure of the 
materials under selected conditions. The device used along with the main features, 
description of the components and the working principles are presented. The experimental 
program, the experimental methods and the procedures adopted for preparing specimens 
for various laboratory tests are described. The works presented in this chapter are 
summarised at the end of this chapter. 
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3.2 Materials used 
The investigation has been carried out on three different materials, namely a 
kaolinite-rich clay, Speswhite kaolin, a frost susceptible natural soil collected from 
Pegwell Bay, known as Pegwell Bay soil, and a cement kiln dust collected from a local 
cement industry. The next sections discuss each of these materials. 
3.2.1 Speswhite kaolin 
Speswhite kaolin is highly refined kaolin with ultra-fine particle sizes. Speswhite 
kaolin was procured from IMERYS Minerals Ltd., Par, Cornwall, U.K. Speswhite kaolin 
has been extensively used by several researchers to study the behaviour of unsaturated 
soils (Cao et al. 2002; Sivakumar et al. 2007; Thom et al. 2007; Sivakumar et al. 2010; 
Boyd and Sivakumar 2011; Tripathy et al. 2014; Sivakumar et al. 2015). The frost heave 
response of Speswhite kaolin have been reported (Hendry et al. 2016). 
3.2.2 Pegwell Bay soil  
The geological formation seen in various parts of eastern Kent in South East 
England suggests that the area was underlain by continuous permafrost during the 
Dimlington Stadial (26-13 14C ka BP) (Ballantyne and Harris 1994). The Pleistocene 
periglaciation has resulted in the formation of high frost susceptible chalk, periglacial and 
aeolian sediments in Pegwell Bay (Figure 3.1). An aeolian deposit (wind-deposited soil) 
usually contains sand and silt as the main constituents. Disturbed samples of Pegwell Bay 
soil were collected from Pegwell Bay, Kent, U.K, during a periglacial and glacial 
engineering field trip organised by University of Sussex (site location shown in Figure 
3.2). The loess was chosen as one of the test materials in this study because it has been 
extensively used in research dealing with frozen soil and many published data are 
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available on the characteristics of such soils (Fookes and Best 1969; Weir et al. 1971; Le 
Riche 1973; Derbyshire and Mellors 1988; Murton et al. 2003). 
 
Fig. (3.1): Map showing Pegwell Bay (Google Inc. 2017) 
 
Fig. (3.2): Sampling site at Pegwell Bay (the photograph is extracted from the field trip 
information brochure)  
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3.2.3 Cement kiln dust  
The cement kiln dust (CKD) is a fine powdery material that is formed during the 
cement manufacturing process. The accumulated amount of CKD is a source of concern 
due to the disposal problems associated with the material. More than 3,500,000 metric 
tons of CKD that are unsuitable for recycling during the cement manufacturing process 
are disposed of in the United States (Todres et al. 1992). Studies in the past have explored 
the suitability of the material in various civil engineering applications (Baghdadi et al. 
1995; Moon et al. 2008; Albusoda and Salem 2012). CKD samples are usually collected 
from electrostatic precipitators during the production of cement clinker (Siddique 2006). 
The cementitious properties of CKD make this by-product an effective stabiliser for 
stabilising weak soils (Siddique 2006; Sariosseiri and Muhunthan 2008; Solanki et al. 
2013). A number of studies have reported the permeability, compressibility and shear 
strength behaviour of CKD-soil mixtures (Baghdadi et al. 1995; Miller and Azad 2000; 
Albusoda and Salem 2012; Nasr 2015). Studies concerning the volume change behaviour 
of CKD due to freezing, thawing, drying and wetting processes have not been explored 
in the past. The CKD used in this investigation was supplied by a local cement company. 
3.3 Properties of materials used 
The properties of the materials studied are presented in the following sections.  
3.3.1 Initial water content 
The initial water contents of the materials were determined by oven drying 
method. The materials were dried in an oven at 105 °C (BS 1377-2 1990). The initial 
water content of Speswhite kaolin was found to be 1.1%. Similar values of the initial 
water content have been reported by other researchers (Singh 2007; Tadza 2011). The 
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initial water content of Pegwell Bay soil samples were found to vary between 5.3 to 8%. 
These values of initial water contents of the soil were anticipated since the samples were 
collected after a rain fall event. The soil samples were pulverised, mixed and stored in 
airtight containers prior to using for various laboratory tests. The initial water content of 
the CKD was found to be about 0.2%. The initial water contents of the materials were 
considered during preparation of specimens for various tests. 
3.3.2 Specific gravity  
The specific gravity of the materials was determined by pycnometer method (BS 
1377-2 1990). Deionized water was used for determining the specific gravity of the 
Speswhite kaolin and Pegwell Bay soil, whereas kerosene was used for determining the 
specific gravity of the CKD. The specific gravity of Speswhite kaolin was found to be 
2.61. The values of the specific gravity of Speswhite kaolin reported by several 
researchers (Cao et al. 2002; Singh 2007; Tripathy et al. 2014; Chung et al. 2016) were 
found to be similar to that found in this study. The specific gravity of Pegwell Bay soil 
was found to be 2.69. Derbyshire and Mellors (1988) have reported a similar value of 
specific gravity for the soil. The specific gravity of the CKD was found to be 2.72. 
3.3.3 Particle size distribution 
The grain size distribution curves of the materials were established by using a 
laser diffractometer. A Malvern Mastersizer X3000 laser diffractometer (Malvern 
Instruments Ltd., Malvern, U.K) was used for this purpose. The diffractometer employs 
two forms of optical configuration, such as a conventional Fourier optics and a reverse 
Fourier optics that allow measuring scattering at much higher angles. Thus, using the 
diffractometer, a particle size up to 0.1 mm can be detected. The diffractometer consists 
of a helium-neon red laser source, a flow cell, an optical lens and a detector. The helium-
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neon laser source forms a collimated and monochromatic beam of light known as the 
analyser beam. The flow cell accommodates a soil suspension. The suspension comprises 
of soil sample mixed with deionized water. For minimizing the flocculation, a dispersion 
unit is used to mix the dry soil sample and water by a mechanical stirrer that disperses the 
particles by the ultrasound system. The dispersion unit is a sample feeder that pumps the 
soil suspension into the flow cell where the analyser laser beam falls on the individual 
particle and gets diffracted. The optical lens collects the diffracted light and focus it onto 
the detector. The detector remains stationary and coaxial with the laser axis regardless of 
particle movement in the flow cell and analyses the diffracted light and sends the 
information to a computer for processing. 
For any material considered (Speswhite kaolin, Pegwell Bay soil and CKD), one 
gram of dry powder was first mixed in 50 ml of deionized water and then introduced into 
the dispersion unit that was already filled with deionized water. The sample was mixed 
thoroughly in the dispersion unit and fed into the flow cell of the Mastersizer. The optical 
lens used had a focal length of 45 mm. Since the CKD is a cementitious material, the 
Sodium hexametaphosphate solution as a disperse regent was used to get more accurate 
results. 
Figure 3.3 shows the particle size distribution curves of the materials obtained 
from the laser diffractometer tests. The grain size distribution curves of the materials 
indicated that Speswhite kaolin had 93.6% particle size finer than 2 μm and 6.4% of fine 
silt-size particles. Pegwell Bay soil contained about 7.3% of sand, 84.3% of silt, and 8.4% 
of clay-size fractions. The cement kiln dust contained about 70% silt-size fraction and 
30% clay-size fraction. As can be seen, the materials studied had more than 35% of 
particles finer than 0.06 mm and can be classified under fine-grained soils.  
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Fig. (3.3): Particle size distribution curves of the materials used  
3.3.4 Atterberg Limits  
The Atterberg limits (i.e. liquid limit, plastic limit and shrinkage limit) were 
determined following methods described in BS 1377-2 (1990) and ASTM D4943−08. 
The liquid limits were determined by cone penetrometer method. The liquid limits of 
Speswhite kaolin, Pegwell Bay soil and cement kiln dust were found to be 68.5%, 29.5% 
and 41%, respectively. The plastic limits of the materials were determined by the standard 
thread rolling method. The plastic limits of Speswhite kaolin, Pegwell Bay soil and 
cement kiln dust were found to be 42%, 19.2% and 27% respectively. Similar values of 
Atterberg limits have been reported by Cao et al. (2002), Singh (2007) and Chung et al. 
(2016) for Speswhite kaolin and Pegwell Bay soil by Derbyshire and Mellors (1988). 
0
10
20
30
40
50
60
70
80
90
100
0.00001 0.0001 0.001 0.01 0.1
P
e
rc
e
n
ta
g
e
 f
in
e
r
Particle size (mm)
Speswhite kaolin
Pegwell Bay soil
Cement kiln dust
Fine Medium Coarse
CLAY
SILT
SAND
Chapter three ................................................................................................................................. Materials and methods 
 ____________________________________________________________________________  
 
57 
According to Unified soil classification system, Speswhite kaolin, Pegwell Bay soil and 
CKD can be classified as CH, CL and ML respectively. 
The shrinkage limits of the materials were determined following the molten wax 
method described in ASTM D4943−08. For the shrinkage limit tests, specimens were 
prepared at 1.2 times their respective liquid limit values. The mixtures were placed within 
shrinkage dishes. The mass of the specimens was monitored at predetermined times until 
no further reductions in the mass were noted. The specimens were then removed for water 
content determination, and further volume measurements were carried out using the 
molten wax method. The shrinkage limits of Speswhite kaolin, Pegwell Bay soil and 
cement kiln dust were found to be 32.7%, 16% and 21% of water content respectively. 
3.3.5 Mineral compositions 
The mineral composition of the materials used were determined by X-ray 
diffraction (XRD) method (Grim 1953; Mitchell and Soga 2005). According to Bragg’s 
law, the XRD identifies the minerals based on the relationship between the angle of 
incidence of the X-rays (θ) to the c-axis spacing (d). A Philips automated powder 
diffractometer PW 1710 (PANalytical, Cambridge, U.K.) was used for the XRD analyses. 
The diffractometer consists of a goniometer (specimen holder), a copper X-ray generator 
and a controller. The materials were grounded to powder to minimise the orientation 
preference and to maximise the sample representativeness. The materials in powder form 
and with the initial water contents were tested. 
The X-ray diffraction test results of the materials are shown in Figure 3.4. Semi-
quantitative analyses were conducted to determine the percentage of various minerals. 
The XRD test results indicated that the dominant mineral in Speswhite kaolin was 
kaolinite (95%). A trace of illite (4%) was also found. Pegwell Bay soil was found to be 
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composed of quartz (78%) and other minerals, such as calcite (16%) and dolomite (6%). 
Similarly, the cement kiln dust was predominantly contained calcite (85%) and silica 
(14%).  
 
Position 2 Theta (Cooper) 
Fig. (3.4): X-ray diffraction patterns of (a) Speswhite kaolin, (b) Pegwell Bay soil and 
(c) cement kiln dust  
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3.3.6 Specific surface area 
The total specific surface areas of the materials were determined based the 
Malvern Mastersizer X 3000 laser diffractometer analysis. Nonexpanding clay mineral, 
such as kaolinite typically possesses a specific surface area ranging from 10 to 40 m2/g 
(Grim 1953; Mitchell and Soga 2005). The total specific surface area of Speswhite kaolin 
was found to be 7.63 m2/g. A similar value of the specific surface area has been reported 
by Tadza (2011). The values of the specific surface area for Pegwell Bay soil and the 
cement kiln dust were found to be 0.41 m2/g and 0.58 m2/g respectively.  
3.3.7 Microstructural analysis (SEM study) 
Microstructural studies are usually made to improve understanding of the 
macroscopic behaviour and physical properties of compacted and natural soils (Romero 
and Simms 2008). The mechanical behaviour of soils (e.g. volume change and shear 
strength) is widely recognised as being associated with the microstructural arrangement 
(fabric and structure) (Burton et al. 2015). 
Microstructural investigations were carried out by using a scanning electron 
microscope (SEM) on samples of the materials that were prepared at water contents 
greater than the corresponding liquid limits and further air-dried prior to the SEM studies. 
Figures 3.5, 3.6 and 3.7 show the scanning electron photomicrographs of Speswhite 
kaolin, Pegwell Bay soil and cement kiln dust respectively at two different 
magnifications. 
Similar to results of particle size analysis test and specific surface area, the SEM 
results of Speswhite kaolin shows that the predominant particle size is less than 2 μm as 
shown in Figure 3.5a and b. Some silt-size particles were also detected. The SEM results 
of Pegwell Bay soil results show that silt size (<63 μm) is the predominant size as shown 
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in Figure 3.6a and b. On the other hand, the SEM results of cement kiln dust show fine 
silt size fractions as the predominant size, as shown in Figure 3.7a and b. 
 
 
 
 
Fig. (3.5): SEM photomicrographs of Speswhite kaolin (a) 10 μm scale, and (b) 2 μm 
scale  
(b) 
Kaolinite 
(a) 
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Fig. (3.6): SEM photomicrographs of Pegwell bay soil (a) 50 μm scale, and (b) 20 μm 
scale 
  
(b) 
(a) 
Silt-size particles 
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Fig. (3.7): SEM photomicrographs of cement kiln dust (a) 10 μm scale, and (b) 2 μm 
scale 
  
(b) 
(a) 
Fine silt-size particles 
Shell-shaped particles 
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3.4 Frost susceptibility 
Frost heave susceptibility of soil is defined as the propensity for the soil to 
accumulate ice during freezing and to heave. The frost-susceptible soil is the soil in which 
ice accumulation causes frost heave during freezing or thaw weakening during thawing, 
or both (ASTM D5918). Classification methods based on particle size are by far the most 
extensively used tests for determining the frost susceptibility of soils. The simplest of 
these tests include only grain size as the determining factor (Chamberlain 1981a). Since 
there were three different fine-grained materials used in this study, finding the level of 
frost susceptibility was essential to understand the behaviour of the materials during 
freezing process.  
Chamberlain (1981a) presented one of the earliest frost susceptibility criteria 
based on soil classification system. Based on the criteria, Speswhite kaolin, Pegwell Bay 
soil and cement kiln dust were classified as medium, medium to high and medium to very 
high frost susceptible materials respectively. In addition, based on the second level of the 
Swiss frost susceptibility criteria, the three materials considered as high frost susceptible 
soil since they were classified as CH, CL and ML respectively. On the other hand, the 
U.S. Army Corps of Engineers frost design soil classification system (1965) gave a wide 
range of “very low to very high” susceptibility for all materials. As a result, a significant 
susceptibility to frost should be expected for all materials based on their grain size 
distribution and Atterberg limits. 
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3.5 Compaction characteristics  
The standard Proctor compaction tests (British Standard light compaction tests) 
were carried out by following the procedure laid out in BS 1377-4 (1990). The materials 
were compacted in three layers in a compaction mould having a volume of 0.001 m3 (1000 
cm3) using 27 blows per layer and with a 2.5 kg hammer falling through a height of 300 
mm. 
The compaction curves of Speswhite kaolin, Pegwell Bay soil and cement kiln 
dust are shown in Figures 3.8, 3.9 and 3.10 respectively. The optimum water content 
(OWC) for Speswhite kaolin remained close to the degree of saturation of 90% (OWC = 
26.7%). For Pegwell Bay soil, the optimum water content remained close to the degree 
of saturation of 85% (OWC = 16.2%). For the cement kiln dust, the optimum water 
content was found to be slightly above the degree of saturation of 90% (OWC = 27.6%). 
The values of maximum dry unit weight for Speswhite kaolin, Pegwell Bay soil and 
cement kiln dust were found to be 14.56, 17.27 and 14.86 kN/m3 respectively. 
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Fig. (3.8): Standard Proctor compaction curve of Speswhite kaolin 
 
Fig. (3.9): Standard Proctor compaction curve of Pegwell Bay soil 
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Fig. (3.10): Standard Proctor compaction curve of the cement kiln dust used  
3.6 Compressibility behaviour  
One-dimensional consolidation tests were carried out on initially saturated 
slurried specimens of the materials following the procedure laid out in BS 1377-5 (1990). 
The initial water contents of the specimens correspond to 1.2 times the liquid limits of the 
materials. The vertical pressure was applied in a step-wise manner from 5 kPa to 400 kPa 
during the loading process. The diameter and height of the specimens were 100 and 19 
mm respectively.  
Figure 3.11 shows the consolidation test results in terms of the applied vertical 
pressure and void ratio. At smaller applied vertical pressures, the void ratios of the 
materials remained in the order of the liquid limit. A higher liquid limit of the material 
produced a greater void ratio (Speswhite kaolin > Cement kiln dust > Pegwell Bay soil). 
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At an applied vertical pressure greater than about 80 kPa, the pressure-void ratio plot of 
cement kiln dust remains above that of Speswhite kaolin.  
 
Fig. (3.11): One-dimensional consolidation test results of the materials used 
 
3.7 Experimental methods  
The main objective of this investigation was to explore the volume change 
behaviour of various geomaterials when subjected to either independent or a combination 
of various seasonal climatic processes, such as freezing, thawing, wetting and drying. 
Laboratory tests were carried out by considering some selected sequences of the seasonal 
climatic processes and with predetermined fluid and temperature boundary conditions. A 
custom-made test set up was used to carry out the laboratory tests that enabled performing 
the required tests involving all the processes. The following sections present the details 
of the test up, responses of the testing system to sub-zero and enhanced temperatures, and 
the procedures adopted for preparing specimens for the tests. 
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3.7.1 Details of the test setup 
The test setup (Figures 3.12 and 3.13) used in this study was comprised of a 
column cell assembly, a Vortex Tube, a top cooling/heating chamber, four linear variable 
displacement transformers (LVDTs), thermocouples, a porous stone, a water reservoir, a 
thermal insulation jacket (a 30 mm thick rock-wool layer covered with a 3.7 mm thick 
reﬂective foil), an air supply system, and a data acquisition system (a datalogger and a 
personal computer). 
The column cell assembly and some of the accessories have been available at the 
School of Engineering laboratories, Cardiff University. The test setup was initially 
developed to carry out freeze-thaw tests on frost-susceptible soils. In this study, the test 
setup was modified to carry out laboratory tests involving freezing, thawing, drying and 
wetting processes.  
The components of the column cell assembly are a single-flanged exterior mould 
(120.8 mm internal diameter, 247 mm high and 6 mm wall thickness) and a step-flanged 
interior mould, also known as the specimen mould (103.3 mm internal diameter, 259 mm 
high and 6 mm wall thickness) (see Figures 3.12 and 3.13). Both moulds are made from 
polyvinyl chloride (PVC). The bottom of the exterior mould is fixed to a solid PVC base 
that in turn is mounted on a stable platform. The exterior mould accommodates a hollow 
acrylic cylinder (117.4 mm external diameter and 62.5 mm high) at the bottom. A 6.2 
mm-thick and 117.4 mm diameter acrylic disc with holes is attached to the top of the 
hollow acrylic cylinder. A porous stone (102.5 mm diameter and 86.5 mm high) rests on 
top of the acrylic disc. The specimen mould is positioned to rest on the acrylic disc. A 
difference in the outer diameter of the specimen mould (115.3 mm) and the internal 
diameter of the exterior mould (120.8 mm) enables accommodating the cables of the 
thermocouples, and the specimen mould can move vertically in an upward direction.  
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A specimen to be tested can be prepared in the specimen mould. The diameter and 
height of the specimen are 103.3 mm and 65 mm respectively. The dimension of the space 
above the specimen (107.5 mm) was such that upon placing the top cooling/heating 
chamber (112 mm), the top part of the chamber protruded out above the specimen mould 
by about 4.5 mm. Saturated slurried specimen with very high water contents can be 
prepared after the column cell is assembled, whereas a compacted specimen can be 
prepared separately in the specimen mould. In the latter case, the specimen mould along 
with the specimen can then be positioned in the exterior mould in such way that the base 
of the cylindrical specimen remains in contact with porous stone and the bottom of the 
specimen mould rests on the acrylic disc. During the saturation process, water can be 
supplied from a water reservoir through the inlet located on the PVC base. Water flow to 
the specimen takes place in an upward direction from the water reservoir and the bottom 
water reservoir (acrylic cylinder) and through the porous stone.  
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Fig. (3.12): A schematic of the test setup 
 
Fig. (3.13): A photograph of the test setup 
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3.7.1.1 Thermocouples 
The inner wall of the specimen mould carries four thermocouples at 
predetermined heights. The positions of the thermocouples are such that once a specimen 
is prepared, they remain at distances of 4.5, 29.5, 54.5 and 63.5 mm from the top of the 
specimen. The thermocouples provide information concerning the surface temperatures 
at predetermined depths of the specimen. The temperatures measured by these sensors 
are denoted as TC1 - 4.5 mm, TC2 – 29.5 mm, TC3 -  54.5 mm and TC4 – 63.5 mm.  
The thermocouples used in this study were comprised of RS Pro K Type 
thermocouple (1.0 m long and 0.6 mm diameter), and RS Pro IEC Miniature Plugs that 
were used to connect the probes to the data logger (www.uk.rs-online.com) (Figure 3.14). 
The probes had chromel (90% nickel and 10% chromium), and alumel (95% nickel, 2% 
manganese, 2% aluminium and 1% silicon) alloys welded at the measuring junction. The 
chromel and alumel wires are considered as +ve and –ve polarities respectively. The 
temperature measurement range of the probes used was from – 50 to + 250 °C with a 
response time of 0.7 seconds. As per the specifications provided by the supplier, the 
accuracy of the thermocouples meets the tolerance requirement of class-1 K Type 
thermocouples (±1.5 °C). 
 
Fig. (3.14): A photograph of the K type thermocouple used 
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3.7.1.2 Vortex Tube 
A Vortex Tube allows cooling and heating of the air at the same time. Vortex 
Tubes have a number of industrial applications, such as ultrasonic cold welding, spot 
cooling, product cooling, chamber cooling, machine cooling and electronic cooling 
(Wang et al. 2009). 
In this investigation, the temperature at the top of the specimen was lowered to 
sub-zero temperatures during the freezing process, whereas it was increased above the 
ambient temperature during the drying process. In both cases, Vortex Tubes were used. 
During the freezing process, a Vortex Tube was directly connected to the top 
cooling/heating chamber to supply cold air (see Figures 3.12 and 3.13), whereas during 
the drying process an auxiliary Vortex Tube was used to supply hot air into the top 
chamber.  
Figures 3.15a, b and c show the various components and the air flow mechanism 
in a Vortex Tube. An increase in the temperature of the air takes place when the gas 
molecules move faster, whereas a decrease in the temperature of the air takes place when 
the velocity of gas molecules decreases. Compressed air is fed transversely into the 
generation chamber of the Vortex Tube (also called as vortex chamber or spin chamber) 
and made to spin by a generator. The air moves down the long tube in which hot air 
separates outwards and towards the wall of the tube due to the inertia of motion, whereas 
the cold air is pushed to the centre of the tube. The cold air flows in the middle of the tube 
in the opposite direction to the hot air. A percentage of the hot air is made to exit, whereas 
the remaining air flows towards opposite end (cold end).  
The cold fraction is defined as the percentage of input compressed air released 
through the cold end of the Vortex Tube. The cold fraction of the air can be adjusted by 
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two ways, such as via the control relief valve located at the hot end and by using an 
appropriate generator inside the vortex chamber (located nearer to the cold end).  
The Vortex Tube used in this investigation was from Meech International, 
Witney, Oxfordshire, UK (www.meech.com). The commercially available medium 
Vortex Tube used in this study had a total length of about 212.3 mm and the diameter of 
the spin chamber was about 44.5 mm (see Figures 3.15 a, b). The generators supplied 
with the Vortex Tube can be used to achieve the desired cold fraction temperatures. 
According to the manufacturer specifications, the control relief valve can be kept at a 
position of two and half rotation from close to achieve a cold fraction value of 70%. From 
this point, the control valve can be adjusted to allow more or less air to exit the cold end. 
The Vortex Tubes can produce temperatures as low as 50 °C below the inlet air 
temperature. A similar rise in the temperature can be achieved in the positive temperature 
range. For example, at a compressed air pressure of 700 kPa and with the air temperature 
of 19 °C, a temperature drop of 40 °C and a temperature rise of 80 °C is achievable when 
an appropriate generator is used (www.meech.com).  
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(a) 
 
 
(b) 
 
 
 
(c) 
Fig. (3.15): (a) A schematic showing various components of a Vortex Tube, (b) a 
photograph of various components and (c) cold and hot air separation within a 
Vortex Tube (modified Fig. 3 from Carrascal and Sala Lizarraga 2013) 
  
 
Chapter three ................................................................................................................................. Materials and methods 
 ____________________________________________________________________________  
 
75 
The generators used in the Vortex Tube are designed to produce either low or high 
cold fraction. The low cold fraction generators allow less than 50% of the air flow through 
the cold end, whereas the high cold fraction generators allow more than 50% of the air 
flow through the cold end. The low cold fraction generators are suitable to generate lowest 
air temperatures, but may not be very efficient, whereas the high cold fraction generators 
can be used at the desired coldest temperatures and are considered to be more efficient. 
Similarly, a production of the hot air depends on the type of generator used. Table 3.1 
presents the generator types (usually indicated by their colour and catalogue number), 
cold fraction designation and the cold end air temperatures that can be generated for a 
compressed air temperature of 19°C (www.meech.com).  
Table 3.1: Achievable temperature by using various spin generators (compressed 
air pressure = 540 kPa, air temperature = +19 °) 
Colour of 
Generator 
Green White Grey Brown Red Yellow Blue Beige 
Cold fraction Low Low Low Low High High High High 
         
Temperature 
(°C) 
- 36 - 34 - 24 - 19 - 33 - 35 - 23 - 17 
         
 
During a test involving the freezing process, the cold end of the Vortex Tube was 
connected to the central part of the top cooling/heating chamber (as shown in Figures 3.12 
3.13 and 3.16a). The top cooling/heating chamber (101 mm diameter and 112 mm high) 
was a composite cylinder with a stainless steel side. A copper base (1.8 mm thick) and a 
polytetrafluoroethylene (PTFE) disc (12.5 mm thick) attached firmly to the top open end 
of the stainless cylinder (Figure 3.16a). The PTFE disc had six air vents each 10 mm in 
diameter and located at an equal angle on a concentric circle of diameter 80 mm. Two K 
Type thermocouples were attached to the inner surface of the copper base for monitoring 
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the temperature within the cooling/heating chamber (Figure 3.16b). The average 
temperature measured by these two thermocouples are denoted as TC0 - 0 mm.  
 
 
 
(a) 
 
 
(b) 
 
 
 
(c) 
Fig. (3.16): (a) Vortex Tube connection to the top cooling/heating chamber, (b) Inside of 
the top chamber showing the attached thermocouples and (c) Arrangement 
showing hot air and compressed air supply to the top chamber 
 
Chapter three ................................................................................................................................. Materials and methods 
 ____________________________________________________________________________  
 
77 
During a test involving the drying process, the air supply to the Vortex Tube 
connected to the top chamber was shut off to terminate the production of cold air. A spare 
Vortex Tube was used to supply the hot air to the top chamber. The hot air produced by 
the spare Vortex Tube was taken through a temperature resistance tube connected to the 
hot end control valve and an air vent located at the top of the chamber (see Figure 3.16c). 
A noise muffler (cold end silencer) was attached to the cold air exhaust on the left to 
reduce the noise level (Figure 3.17). The cold air released from the cold end of the Vortex 
Tube was not utilised. 
 
Fig. (3.17): Arrangement of components of Vortex Tube during production of hot air 
The air supply to the Vortex Tube during a test was continuous from a 7 bar (700 
kPa) line available in the laboratory. The pressurised air exited the top chamber via the 
vents located on the top of the chamber. The copper base of the chamber acted as the 
interface between the applied air temperature within the chamber and the outside medium. 
The outer thermal insulation used (see Figures 2.12 and 3.13) comprised of a 30 mm thick 
rock-wool layer covered with a 3.7 mm thick reﬂective foil. 
The temperature of the copper base depends upon (i) the temperature of the air 
entering the chamber or exiting the Vortex Tube, (ii) the temperature of the air within and 
outside the chamber and (iii) the specific heat capacity of the materials which will 
influence the time required to obtain an equilibrium temperature. Trial tests were carried 
out to study the influence of generator type used on the temperature of the air (cold or 
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hot) generated within the top chamber. The design of the system did not allow a direct 
measuring of the temperature of the copper base. Since the thermocouples were located 
very close to the copper base (see Figure 3.16b), it was assumed that the measured 
temperature by thermocouples (TC0 – 0 mm) represents the surface temperature of the 
copper base. Based on the trial tests for generating both cold and hot air within the top 
cooling/heating chamber, it was noted that using a green generator the temperature 
recorded by the thermocouples was – 19 °C ± 0.5 °C, whereas using a beige generator the 
temperature measured by the thermocouples was 52 ± 1.5 °C. These generators were used 
while performing the freezing and drying tests.   
3.7.1.3 Vertical deformation measurement 
High precision linear variable displacement transformers (LVDTs) were used to 
measure the vertical deformations of the specimens and the specimen mould (Figures 3.12 
and 3.13). The S series LVDT used in this study (Figure 3.16) is produced by Solarton 
Metrology (www.solartonmetrology.com). The measurement range, linearity, resolution 
and operating temperature range of the LVDTs were 50 mm, 0.2% (for the entire range), 
0.3μm and - 40 to +120 °C respectively.  
Two LVDTs were used on the top cooling/heating chamber that provided the 
deformation of the specimens during freezing, thawing, wetting and drying stages of the 
tests, whereas two more LVDTs were used to measure the deformation of the specimen 
mould during all stages of the tests. The average values of the measured deformations by 
the LVDTs located on top of the cooling/heating chamber is presented as deformation of 
the specimen, whereas the average values of the deformations measured by the LVDTs 
on top of the specimen mould are presented as the deformation of the specimen mould. 
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Fig. (3.18): A photograph of the LVDT used in this study 
3.7.1.4 Data acquisition system 
As many of the tests carried out in this investigation were long-term tests, a data 
acquisition system was used to monitor various data. A System 8000 data acquisition 
system from Micro-Measurements ( www.vishaypg.com/micro-measurements ) in 
conjunction with a personal computer were used for this purpose. The system includes a 
scanner with eight channels. Each channel can be configured via the Micro-
Measurements StrainSmart® software to accept signals from the thermocouples and the 
voltage sensors (LVDTs). The model 8000-8-SM scanner communicates with a host 
personal computer via an ethernet connection. The software was utilised to configure, 
control and acquire data from the System 8000 data acquisition system. During the tests, 
the deformation and temperature data were collected every minute.  
3.7.2 Response of the measuring system to temperature changes   
Four identical test setups were used to carry out the laboratory tests. The 
components of the column cell assembly, such as the specimen and the exterior moulds, 
the top cooling/heating chamber, and the porous stone were expected to be subjected to 
thermal loadings due to the applications of subzero temperature of – 19 ±0.5 °C during 
the freezing process and an enhanced temperature of 52 ±1.5 °C during the drying phase 
of the tests. Therefore, it was necessary to understand the response of the test set up, 
particularly concerning the vertical deformation associated with expansion and 
contraction due to thermal loadings.  
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A dummy specimen (100 mm diameter and 50 mm high) made of aluminium alloy 
6082-T6 (coefficient of thermal expansion, α = 24 × 10-6 mm/mm/°C) was chosen to 
study the behaviour of the system when subjected to thermal loading. During the tests, 
the dummy specimen was placed on the porous stone. Both the exterior and the specimen 
moulds were assembled. The Vortex Tube with the appropriate generator was used to 
supply either cold or hot air into the top chamber. Measurements of the temperature were 
carried out within the top cooling/heating chamber, and at distances of 0, 25 and 50 mm 
from top of the dummy specimen. The vertical deformations of the top cooling/heating 
chamber and the specimen mould were measured until the values remained constant. The 
outer thermal insulation used comprised of a 30 mm thick rock-wool layer covered with 
a 3.7 mm thick reﬂective foil. 
Figures 3.19 and 3.20 show the temperature and deformation results for the 
freezing and heating tests on the dummy aluminium alloy specimen respectively. As can 
be seen in Figure 3.19, within the top cooling/heating chamber, a drop in the temperature 
from the room temperature (21.9 °C) to about -19 °C occurred within about 50 minutes. 
The temperature decreased to about - 6.5 °C at 0 mm and – 2.5 °C at 25 and 50 mm at the 
end of the test. A vertical deformation of – 0.65 mm (contraction) was measured at the 
top of the chamber. This deformation included the deformation of the dummy specimen 
and the deformation of the top chamber. The specimen mould underwent a contraction of 
0.39 mm.  
Figure 3.20 shows that within the cooling/heating chamber an increase in the 
temperature from the room temperature to about 53 °C occurred in about 300 minutes. 
The temperatures at other levels remained within about 43 to 45 °C. An increase in the 
temperature caused an expansion of the dummy specimen, the top chamber and the 
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specimen mould. The vertical deformations measured on top of the cooling/heating 
chamber and the specimen mould were 0.72 and 0.33 mm respectively.  
 
 
Fig. (3.19): Effect of lowering the top chamber temperature in the presence of a dummy 
specimen (a) Elapsed time versus temperature and (b) elapsed time versus 
vertical deformation  
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Fig. (3.20): Effect of increasing the top chamber temperature in the presence of a 
dummy specimen (a) Elapsed time versus temperature and (b) elapsed time 
versus vertical deformation 
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The magnitudes of thermal contraction and expansion of any material can be 
calculated by considering the coefficient of linear thermal movement of the material, the 
temperature change and the length of the specimen. The deformations of the dummy 
specimen for both applied freezing and heating temperature conditions were calculated. 
Based on the actual measured deformations, the calculated deformations and the 
temperature changes within the top chamber, the measuring system corrections were 
calculated and are shown in Table 3.2. These corrections were applied to the measured 
vertical deformations of the materials in actual tests.  
The correction factors towards the deformation of the specimen mould were 
calculated for both freezing and heating tests. The measured vertical deformations of the 
specimen mould due to a decrease and an increase in the top chamber temperature were 
considered to calculate the correction factors. For a drop in the temperature of 40.9 °C, 
the calculated correction factor was + 0.01 mm/°C (0.39/40.9), whereas, for an increase 
in the temperature of 32.6 °C, the calculated correction factor was – 0.01 mm/°C 
(0.33/32.6). The lateral expansion and contraction was not considered since the interior 
mould was free supported at the edges (i.e., free to move vertically) during the thermal 
loading, according to Plastic Pipe Institute (PPI) report (2001). 
  
Chapter three ................................................................................................................................. Materials and methods 
 ____________________________________________________________________________  
 
84 
Table 3.2: Determination of measuring system correction factors 
Parameters 
Lowering top 
chamber temperature 
to – 19 °C 
Increasing top 
chamber temperature 
to +53 °C 
Change in top chamber 
temperature (°C)1 
40.9 32.6 
Average temperature change of 
aluminium alloy specimen (°C)2  
26.4 24.8 
Calculated deformation (mm)3  0.032  0.039  
Actual deformation measured on 
the top cooling/heating chamber  
0.65  0.72  
Correction factor (mm/°C)4  + 0.015 - 0.021 
Note: 1 difference between initial ambient temperature and final temperature 
2 difference between initial ambient temperature and average final temperature 
3 based on specimen length of 50 mm 
4 (Actual deformation – calculated deformation)/ calculated deformation 
3.8 Experimental program 
In total four series of tests were conducted on the three selected materials (see 
Figure 3.21). In test series I, initial saturated slurried specimens of the materials were 
subjected to a freezing and a thawing process. In test series II, compacted-saturated 
specimens of the materials were subjected to a freezing and a thawing process. In test 
series III, compacted specimens were subjected to cycles of wetting and drying. At several 
predetermined stages, freezing and thawing processes were introduced (intermittent 
freeze-thaw). In test series IV, compacted specimens of the materials were subjected to 
wet-freeze-thaw-dry cycles.  
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The water table (the level of water in the water reservoir) position (see Figures 
3.12 and 3.13) was different for various stages of the tests. For the wetting, saturation and 
consolidation stages, the water table remained at the top of the specimen. During the 
freezing and thawing processes, the water table remained at the top of the porous stone, 
whereas during the drying process no water was supplied to the specimens.  
 
 
Fig. (3.21): Experimental program 
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3.8.1 Details of specimen preparation and test procedures 
3.8.1.1 Freeze-thaw tests on saturated slurried specimens (Test series I) 
Initially saturated slurried specimens of the materials were prepared by thoroughly 
mixing the chosen materials with water. The targeted water content in all cases was equal 
to 1.2 times the corresponding liquid limit of the materials. The mixtures were stored in 
sealed plastic bags and kept in airtight containers to allow for water equilibration to take 
place for at least 48 hours. The specimens (103.3 mm diameter and 65 mm high) were 
prepared in the specimen mould of the column cell. Sufficient care was taken to avoid the 
formation of air bubbles in the specimens. The mass of the mixture considered for 
preparing the specimens was monitored that allowed determining the dry unit weights 
and the void ratios of the specimens. Table 3.3 shows the initial water content, initial dry 
unit weights and void ratio of the specimens.   
Table 3.3: Initial conditions of the specimens in Test series I (Freeze-thaw tests on 
initially saturated slurried specimens)  
Specimen 
Initial conditions of specimen 
Water content 
(%) 
Dry unit weight 
(kN/m3) 
Void ratio 
(e) 
    
Speswhite kaolin 82.3 8.11 2.148 
    
Pegwell Bay soil 35.4 13.51 0.951 
    
Cement kiln dust 49.2 11.40 1.337 
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The top cooling/heating chamber was positioned on top of the specimen. The 
equivalent vertical pressure corresponding to the mass of the top chamber was equal to 2 
kPa. This was considered as the nominal applied vertical pressure (seating pressure). The 
specimens were allowed to consolidate under the vertical pressure of 2 kPa. Following 
the consolation phase, a freezing stage commenced by lowering the temperature at the 
top of the specimen. The Vortex Tube was used for this purpose. The freezing process 
was terminated at the end of 24 hours. A thawing stage followed the freezing stage. 
During the thawing stage, the supplied air pressure to the Vortex Tube was shut off, and 
the specimen underwent the thawing process at ambient laboratory temperature. The 
vertical deformation of the specimen and the specimen mould and the temperature at 
predetermined depths during the freezing and thawing stages were monitored. The water 
contents of the specimens at the end of freezing and thawing stages were determined by 
the oven-drying method. Duplicate specimens were used for determining the water 
contents at the end of each stage.  The results of the laboratory tests on initially saturated 
slurried specimens are presented in Chapter 4. 
3.8.1.2 Freeze-thaw tests on compacted specimens (Test series II) 
In Test series II, compacted specimens were used. The initial compaction 
conditions of the specimens are shown in Table 3.4 and on the compaction curves in 
Figures 3.8, 3.9 and 3.10. As can be seen in Figures 3.8 to 3.10 the chosen specimen 
conditions falls on the wet-side of the optimum conditions of the materials. Material-
water mixtures were prepared by thoroughly mixing the materials with the required 
quantities of water. The mixtures were stored in sealed plastic bags and kept in airtight 
containers to allow for water equilibration to take place for at least 48 hours.  
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Table 3.4: Initial compaction conditions of the specimens in Test series II, III and 
IV 
Material 
Initial compaction conditions 
Water 
content 
(%) 
Dry unit weight 
(kN/m3) 
Void ratio 
(e) 
Compaction 
Pressure 
(kPa) 
     
Speswhite kaolin 30 14.16 0.808 740 
     
Pegwell Bay soil 19 16.91 0.561 652 
     
Cement kiln dust 24.2 12.50 1.330 644 
     
Compacted specimens were prepared by statically compacting the mixtures in the 
specimen mould by using a static compaction machine (Figure 3.22).  Two stainless steel 
pistons (spacers) were used while preparing the compacted specimens. The bottom piston 
(102.5 mm diameter and 86.5 mm high) had the same dimensions as the porous stone, 
whereas the top piston (101 mm diameter and 107 mm high) created the required space 
for the top cooling/heating chamber. The displacement rate adopted during the static 
compaction 1.25 mm/min (Venkatarama-Reddy and Jagadish 1993). The differences 
between the applied static compaction pressures for preparing the specimens remained 
less than 100 kPa. The specimens were tested immediately after the compaction process.  
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Fig. (3.22): (a) Specimen mould and pistons used during preparation of compacted 
specimens and (b) Static compaction setup 
The top cooling/heating chamber was positioned on top of the specimen which 
applied a vertical pressure of 2 kPa. Compacted specimens were allowed to saturate for 
24 hours by maintaining the water table at the top of the specimen (wetting stage). 
Following the saturation phase, a freezing stage commenced by lowering the temperature 
at the top of the specimen by using the Vortex Tube. The water table during the freezing 
process was maintained at the bottom of the specimen. The freezing process was 
terminated at the end of 24 hours. A thawing stage followed the freezing stage. During 
the thawing stage, the supplied air pressure to the Vortex Tube was shut off, and the 
specimen underwent the thawing process at ambient laboratory temperature. The water 
table remained at the top level of the porous stone during the thawing process. The vertical 
deformation of the specimen and the specimen mould and the temperature at 
predetermined depths during the freezing and thawing stages were monitored. The water 
contents of the specimens at the end of freezing and thawing stages were determined by 
the oven-drying method. Duplicate specimens were used for determining the water 
Chapter three ................................................................................................................................. Materials and methods 
 ____________________________________________________________________________  
 
90 
contents at the end of each stage. The results of the laboratory tests on compacted 
specimens subjected to freezing and thawing processes are presented in Chapter 5. 
3.8.1.3 Cyclic wet-dry tests followed by freezing and thawing processes on 
compacted specimens (Test series III) 
In Test series III compacted specimens were used. The initial compaction 
conditions of the specimens are shown in Table 3.4. The procedure adopted for preparing 
compacted specimens are presented in section 3.8.1.2.   
Compacted specimens were allowed to saturate for 24 hours by maintaining the 
water table at the top of the specimen (wetting stage). Following the saturation stage, hot 
air was supplied to the top chamber from an auxiliary Vortex Tube. No water was 
supplied to the specimens during the drying stage. The drying stage was terminated when 
the vertical deformation measured at the top chamber attained a constant value. The 
specimens were subjected to several wetting and drying cycles until the vertical 
deformations during wetting and drying remained constant. At this stage, freezing and a 
thawing stage were introduced. Further, the cyclic wetting and drying stages were 
reinstated to explore what are the impacts of intermittent freezing and thawing processes 
on the vertical deformation of the materials. The wet-dry process until attaining an 
equilibrium in terms of the vertical deformation and an introduction of the freeze-thaw 
process was repeated. The tests were terminated after the third thawing stage. The vertical 
deformation of the specimen and the specimen mould and the temperature at 
predetermined depths during all stages of the tests were monitored. The water contents of 
the specimens at the end of the last thawing stage were determined by the oven-drying 
method. The results of the laboratory tests on compacted specimens subjected to wet-dry 
cycles followed by intermittent freeze-thaw processes are presented in Chapter 6. 
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3.8.1.4 Cyclic wet-freeze-thaw-dry tests on compacted specimens (Test series IV) 
Compacted specimens of the materials were used in Test series IV. The initial 
compaction conditions of the specimens are shown in Table 3.4. The procedure adopted 
for preparing compacted specimens are presented in Section 3.8.1.2.   
In Test series IV, compacted specimens were allowed to saturate for 24 hours by 
maintaining the water table at the top of the specimen (wetting stage). Following the 
saturation phase, the temperature at the top of the specimen was lowered for applying the 
freezing front temperature for 24 hours. The Vortex Tube connected to the top chamber 
was used for this purpose. The water table was maintained at the top of the porous stone. 
A thawing stage followed the freezing stage, whereas a drying stage followed the thawing 
stage. During the thawing stages, the water table was located at the top of the porous 
stone, whereas no water supplied during the drying stages and the temperature within the 
top chamber was increased by supplying dry air from an auxiliary Vortex Tube. The 
specimens were subjected to several cycles of wetting, freezing, thawing and drying. The 
vertical deformation of the specimen and the specimen mould and the temperature at 
predetermined depths during the freezing and thawing stages were monitored. The water 
contents of the specimens at the end of a predetermined thawing stage were determined 
by the oven-drying method. The results of the laboratory tests on compacted specimens 
subjected to wet-freeze-thaw-dry cycles are presented in Chapter 7.  
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3.9 Summary 
In this chapter the background of the materials used and the properties of the 
materials were presented. A summary of various properties of the materials is presented 
in Table 3.5. The details of the laboratory test set up and the components, the responses 
of the test set up to thermal loadings, the experimental program including specimen 
preparation methods and experimental procedures adopted to carry out various tests were 
presented.  
As can be seen in Table 3.5, the properties of the materials used in this 
investigation differ quite significantly. The environmental loading in the forms of 
wetting, drying, freezing and thawing are expected to influence the magnitude of vertical 
deformation of the materials. The combinations of the climatic processes considered in 
this study are unique that will enhance the fundamental understanding of the volume 
change behaviour of the materials when subjected to various climatic processes. 
Additionally, the suitability of the materials for various engineering applications can be 
explored.  
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Table 3.5: Properties of materials used 
Properties 
Speswhite 
kaolin 
Pegwell 
Bay soil 
Cement kiln 
dust 
 
Specific gravity 
 
2.61 
 
2.69 
 
2.72 
Atterberg limits    
Liquid limit, LL (%) 68.5 29.5 42 
Plastic limit, PL (%) 42 19.2 27 
Plasticity index, PI 26.5 10.3 15 
Shrinkage limit, SL (%) 32.7 16 21 
Specific surface area, S (m2/g) 7.63 0.41 0.58 
Particle size distribution    
Sand (%) 0 7.3 0 
Silt (%) 6.4 84.3 70 
Clay (%) 93.6 8.4 30 
BS light compaction 
characteristics 
   
Optimum water content (%) 26.7 16.2 27.6 
Maximum dry unit weight (kN/m3) 14.56 17.27 14.86 
Mineralogy    
Calcite (%) -- 16 85 
Dolomite (%) -- 6 -- 
Kaolinite (%) 95 -- -- 
Illite (%) 4 -- -- 
Quartz (%) -- 78 -- 
Silicon oxide (%) -- -- 14 
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CHAPTER 4 
Freeze-thaw tests on initially saturated slurried 
specimens 
4.1 Introduction 
The freeze-thaw action is considered to be one of the most destructive actions that 
can induce significant damages to many engineered structures located in seasonally 
frozen soil areas (Wang et al. 2016). The freezing temperature has been of some concern 
to the temperate regions of the World. For example, in 2013, a winter storm in various 
parts of the Middle East caused significant distress to the mankind. This suggests that 
studies of the engineering behaviour of soils by involving freezing and thawing processes 
are extremely relevant to various regions of the World, particularly under the changing 
climatic conditions.  
The influences of frost heave and thaw settlement have been known to affect 
various engineering structures, such as pavements and foundations of buildings. The 
magnitudes of frost heave and thaw settlement are primarily related to the soil types and 
freeze-thaw conditions (Chamberlain and Gow 1979; Chamberlain 1981a; Simonsen and 
Isacsson 1999). For example, after freezing and thawing processes, loose saturated soils 
may tend to densify, whereas dense soils may become looser (Konrad 1989d). During the 
period of freezing, the state of water in the pores of soils changes from the liquid (water) 
to solid (ice). Additionally, under appropriate stress and hydraulic boundary conditions 
ice lens formation prevails. Similarly, the temperature increase following the freezing 
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process causes a change in the state of water from solid (ice) to liquid (water) 
accompanied by the settlement of soils (Zhang and Kushwaha 1998; Thomas et al. 2009). 
 A number of studies in the past have reported the frost heave and thaw settlement 
in case of a variety of soils (Jackson et al. 1966; Morgenstern and Nixon 1971; 
Morgenstern and Smith 1973; Nixon and Morgenstern 1974; Chamberlain and Gow 
1979; Konrad and Morgenstern 1980; Chamberlain 1981b; Konrad 1987; Chamberlain et 
al. 1990; Konrad and Seto 1994; Eigenbrod 1996; Viklander 1998a, b; Konrad and 
Lemieux 2005; Thomas et al. 2009; Zhou and Zhou 2012; Hendry et al. 2016). Fine-
grained soils (clays and silts) possess greater water holding capacities than coarse-grained 
soils. Therefore, it may be anticipated that the freezing action of ice will greatly disrupt 
the engineered structures constructed on such soils (Cui et al. 2014). Soils are usually 
compacted in many civil engineering constructions. Additionally, various industrial 
wastes are currently being considered as admixtures to stabilise problematic soils. These 
geomaterials may undergo freeze-thaw cycles in cold climates. Therefore, it is necessary 
to understand the effect of freezing and thawing on the volumetric response of various 
engineering materials.  
The engineering behaviour of materials in various geotechnical and 
geoenvironmental engineering applications are usually studied by considering initially 
saturated slurried conditions (i.e., water content greater than the liquid limit) of the 
materials (Eigenbrod 1996; Konrad 2005; Hendry et al. 2016). The outcomes of such 
studies encompass a wide range of compaction conditions. Additionally, the results from 
such studies are usually compared with the results for compacted materials.  
The objective of this chapter was to study the volume change behaviour of the 
chosen materials (Speswhite kaolin, Pegwell Bay soil and cement kiln dust) as affected 
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by one cycle of freezing and thawing. Initially saturated slurried specimens of the 
materials were considered in this chapter (Test series I; section 3.8). The experimental 
program presented in section 3.8 is recalled in section 4.2. Section 4.3 presents the test 
results and discussion. The main findings from this chapter are summarised in section 4.4. 
4.2 Experimental program 
Specimens were prepared at water contents corresponding to 1.2 times the liquid 
limits of the chosen materials. The specimens were prepared within the specimen mould 
(see Figure 3.12). The tests were carried out using the test set up shown in Figures 3.12 
and 3.13.  Table 3.3 shows the initial conditions of the specimens. The diameter and 
height of the specimens were 103.5 and 65 mm respectively. The tests were carried out 
at an applied vertical pressure of 2.0 kPa (Test series I; section 3.8).  
The vertical deformation of the specimens during consolidation, freezing and 
thawing processes were measured at the top of the cooling/heating chamber. Additionally, 
the vertical deformations of the specimen mould during the freezing and thawing stages 
were measured. During the freezing process, the temperature at the top of the specimens 
was lowered to -19.5 ± 0.5 C° and maintained for 24 hours, whereas the thawing process 
occurred at the ambient laboratory temperature. The temperature at predetermined levels 
was also monitored. During the consolidation process, the water table was at the top the 
specimens, whereas during freezing and thawing stages the water table was at the bottom 
of the specimens. The supplied water to the specimens was at ambient laboratory 
temperature (21 ± 2 °C). Two specimens were tested for each material. This allowed 
determining the water content of the specimens at the end of freezing and thawing stages.  
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4.3 Test results and discussion 
4.3.1 Consolidation behaviour at nominal vertical pressure 
Figure 4.1 shows the consolidation behaviour of the materials under a nominal 
pressure of 2.0 kPa. The test results are presented in terms of vertical deformation and 
change in the height of specimens on a semi-log scale in Figure 4.1. The magnitudes of 
consolidation settlement, heights after consolidation, the coefficient of consolidation (Cv), 
the coefficient of volume change (mv) and coefficient of permeability (k) of the materials 
are presented in Table 4.1. The Cv values were calculated based on log-time method 
(Terzaghi et al. 1996). The mv and k values were calculated based on the Terzaghi’s 
consolidation theory. The void ratios of the materials at an applied vertical pressure of 
2.0 kPa are shown in Figure 3.11.  
It can be seen from Figures 3.11 and 4.1 that the consolidation settlement of cement 
kiln dust specimen was significantly lesser than the other materials considered. A smaller 
deformation of cement kiln dust is attributed due to the effect of the cement phase reaction 
which formed bonding between particles (Buchwald and Schulz 2005). The order of the 
void ratio of the materials at the nominal applied pressure of 2.0 kPa remained consistent 
with the results obtained at other applied vertical pressures.  
The coefficient of consolidation (Cv) decreases with an increase in the plasticity 
index. The plasticity index of Pegwell Bay soil, cement kiln dust and Speswhite kaolin 
were 10.3, 15, 24% respectively (see chapter 3). The values of Cv of Pegwell Bay soil and 
cement kiln dust specimens (see Table 4.1) were found to be of the similar order of 
magnitude. The Cv of Speswhite kaolin was found to be lesser by order of magnitude than 
the other two materials. The mv was found to be affected by the vertical strain. The 
coefficient of permeability of Pegwell Bay soil and cement kiln dust is found to be similar 
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(10-8 m/s). The k of Speswhite kaolin was found to be 10-9 m/s.  The values of k for 
Pegwell Bay soil and cement kiln dust specimens were found to be in the range of poor 
permeable silty materials, whereas it was found to be similar to impervious homogenous 
clays in case of the specimen of Speswhite kaolin (Casagrande and Fadum 1940; Terzaghi 
et al. 1996). The differences in the coefficient of permeability may influence the freeze 
and thaw behaviour of these materials since both the ice lens formation during the 
freezing process and the consolidation settlement during the thawing process are affected 
by the permeability of the material (Morgenstern and Nixon 1971; Morgenstern and 
Smith 1973; Konrad and Morgenstern 1980). 
 
Fig. (4.1): Consolidation behaviour of the materials studied under a nominal vertical 
pressure of 2.0 kPa 
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Table 4.1: Vertical deformation, height of specimen, coefficient of consolidation (Cv), 
coefficient of volume change (mv) and coefficient of permeability (k) of the 
materials for applied vertical pressure of 2.0 kPa 
Specimen 
Vertical 
deformation 
(mm) 
Height of specimen 
after consolidation 
(mm)a 
Cv 
(m2/year) 
mv 
(m2/MN) 
k 
(m/sec) 
      
Speswhite kaolin 4.60 60.40 0.497 35.38 5.28 ×10-9 
      
Pegwell Bay soil 5.41 59.59 3.921 83.23 4.89 ×10-8 
      
Cement kiln dust 2.53 62.47 14.04 19.46 8.25 ×10-8 
      
a Initial height of specimens = 65 mm 
4.3.2 Development of frost heave during the freezing process 
4.3.2.1 Thermocouple positions after consolidation  
The positions of the thermocouples from top of the specimens prior to the 
consolidation process were at 0 (TC0), 4.5 (TC1), 29.5 (TC2), 54.5 (TC3) and 63.5 mm 
(TC4). The thermocouple TC0 measured the air temperature within the top 
cooling/heating chamber, whereas the other thermocouples (TCs1 to 4) were in contact 
with the specimen and located on the wall of the specimen mould at the predetermined 
heights. The cooling junction of the thermocouples in contact with the specimen had 
coverage of about 1.0 mm.  
The decrease in the height of the initially saturated slurried specimens under an 
applied vertical pressure of 2.0 kPa affected the positions of the thermocouples with 
reference to the top of the specimens. Table 4.2 shows the original and modified positions 
of the TCs with reference to the top of the specimens by considering the height changes 
of the specimens due to consolidation under an applied pressure of 2.0 kPa (see Table 4.1 
for the settlement values).  
Chapter four ............................................... Freeze-thaw tests on initially saturated slurried specimens 
 ______________________________________________________________________  
 
 100 
Table 4.2: The original and modified positions of the thermocouples with reference 
to the top of the specimens 
Thermocouple 
number 
Original position of 
thermocouples with 
reference to the top of 
specimen  
(mm) 
New positions of the thermocouple with 
reference to the top of specimen (mm) 
Speswhite 
kaolin 
Pegwell 
Bay soil 
Cement 
kiln dust 
     
TC0 0 0 0 0 
     
TC1 4.5 -0.1 -0.91 1.97 
     
TC2 29.5 24.9 24.09 26.97 
     
TC3 54.5 49.9 49.09 51.97 
     
TC4 63.5 58.9 58.09 60.97 
     
 
It can be noted in Table 4.2 that the positions of TC1 for Speswhite kaolin and 
Pegwell Bay soil specimens remained above the top of the specimens by 0.1 and 0.91 mm 
as shown by the negative values. By considering a 1.0 mm coverage of the cooling 
junction of the thermocouples, it can be stated that for these cases the measured 
temperatures by TC1 represent the temperatures corresponding to the top levels of the 
specimens. At all other levels, the measured temperatures correspond to the temperatures 
at modified depths of the specimens. 
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4.3.2.2 Frost heave development 
The elapsed time versus temperature and vertical deformation (vertical strain) 
during the freezing process for Speswhite kaolin, Pegwell Bay soil and cement kiln dust 
specimens are shown in Figures 4.2, 4.3 and 4.4 respectively. The revised thermocouple 
positions are shown in the legends. The vertical deformation of the specimen mould 
during the tests are also shown in Figures 4.2 to 4.4. The temperature profiles within the 
specimens at time intervals of 1, 2, 3, 10 and 24 hrs are shown in Figure 4.5.  
The test results presented in Figures 4.2a, 4.3a and 4.4a showed that the temperature 
at the top of the specimens decreased from the ambient laboratory temperature to subzero 
temperatures within less than about twenty minutes for all cases, as indicated by the 
temperatures measured by TC0. The temperature within the cooling/heating chamber 
remained constant at about -19 to -20 °C after more than about 60 minutes and until the 
end of the freezing stage. With increasing depth of the specimens, the temperature 
decreased at the relatively slower rate. At smaller depths, the temperature decreased and 
remained constant after about seven hours (see the measured temperatures by TCs 1 and 
2), whereas at larger depths changes in the temperature became lesser after about 15 hours 
as indicated by the temperature readings of TCs 3 and 4.  
The temperatures measured by TC0 and TC1 in case of Speswhite kaolin and 
Pegwell Bay soil specimens were different although both measured the temperatures 
closer to the top of the specimens. The differences between the temperatures measured 
by TC0 and TC1 are attributed to the the thermal conductivity of the mediums (air in case 
of TC0 and soil specimens in case of TC1) and an exposure of the measurement locations 
to ambient conditions in the annular space between the two PVC moulds which in turn 
increased the temperature surrounding TC1. 
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A comparison of the thermal profiles of the specimens (Figure 4.5) indicated that 
except some initial differences in the temperature at various salient levels, the thermal 
profiles of the specimens at the end of 24 hours period were very similar for all the 
materials studied. Towards the bottom of the specimens, small positive values (+ 1.5 to 3 
°C) of the temperature was noted (see the data of TC4s), whereas the temperatures at the 
top were negative (-12 to -14 °C; see the data of TC1) indicating that a part of the 
specimens remained at frozen state and a part remained at unfrozen state.  
A drop in the temperature at the top of the specimens within less than about 20 
minutes caused ice formation at and near the top end of the specimens. The top end of the 
specimens remained adhered to the wall of the specimen mould (adfreezing effect) by the 
ice formed between them which in turn did not allow the expansion of the specimens to 
occur in an upward direction due to the development of side friction. The expansion of 
the specimens occurred towards the bottom end (in the direction of least resistance). In 
order to explain this phenomenon, Figure 4.6 shows the schematics of the test set up after 
consolidation and at the end of the freezing stage.  
The similarities and differences in the specific features of the schematics presented 
in Figures 4.6a and b are: (i) the top and bottom levels of the porous stone remained 
unchanged (levels A-A and B-B repsectively), (ii) the bottom level of the specimen 
remained unchanged (level B-B); this indicates that the position of the water table was 
maintained at the base of the specimens during the tests and (iii) the volume change of 
speicmens due to the freezing process was accompanied by lifting of the specimen mould 
from level A-A to C-C which in turn caused the top of the specimen to shift upward from 
level D-D to E-E. The vertical deformation measured at the top of the cooling/heating 
chamber represents the deformation of the specimen (Δh), whereas the deformation of the 
specimen mould was measured by the two outer LVDTs. The total height of the specimen 
Chapter four ............................................... Freeze-thaw tests on initially saturated slurried specimens 
 ______________________________________________________________________  
 
 103 
after the freezing stage became (h0 + Δh), where h0 is the height of specimen prior to the 
commencement of the freezing process.  
Various methods have been adopted to mitigate the side friction during the freezing 
tests, such as the use of multi-ring specimen container and by applying various lubricants 
to the inner surface of specimen rings (lubricated Teflon film, lithium grease, petroleum 
jelly, vaseline etc.) (Chamberlain 1981b; Eigenbrod et al. 1996; Penner 1986; Eigenbrod 
1996; Konrad and Seto 1994; Qi et al. 2008). The main features of the tests conducted in 
this study were that the specimen mould was a single PVC cell and the frost front moved 
in a downward direction from the surface of the specimens that caused the expansion of 
the specimens towards the higher temperature end. 
The average values of the LVDT readings at the top of cooling/heating chamber 
and at top of specimen mould are presented as the deformation of the specimens and 
deformation of the specimen mould in Figures 4.2b, 4.3b, and 4.4b. A decrease in the 
temperature caused the development of frost heave in all the materials (Figures 4.2b, 4.3b 
and 4.4b). The frost heave in the materials was on account of a change in the density of 
liquid water to the density of ice and formation of the ice lenses. Note that a change in 
the state of water from liquid to solid may cause a volume expansion of only 9% (with 
reference to the volume of water). The primary heave (O’Neill and Miller 1985) was 
noticed for the specimen of Speswhite kaolin during the first three hours, whereas no frost 
heave was exhibited by the specimens of Pegwell Bay soil and cement kiln dust for up to 
an hour of the tests. Eigenbrod (1996) stated that no heave takes place during the freezing 
process for certain materials because an increase in the volume is balanced by the volume 
decrease due to the compression process. 
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The vertical deformation of the specimens and the specimen mould were found to 
be similar in case of Speswhite kaolin specimen, whereas a minor difference of less than 
about 1.0 mm was noted between the two in case of Pegwell Bay soil and cement kiln 
dust specimens. The vertical deformation associated with frost heave for Speswhite 
kaolin, Pegwell soil and cement kiln dust specimens were found to be 21.1, 16.3 and 16.4 
mm respectively. The vertical deformation did not attain an equilibrium at the time of 
termination of the freezing process. A similar trend of a non-equilibrium in the frost heave 
can be noted from the reported works of various researchers (Chamberlain 1981a; Konrad 
and Lemieux 2005; Hendry et al. 2016). 
The vertical strain values were calculated based on the change in height and the 
height of the specimens prior to the freezing process. The vertical strain of Speswhite 
kaolin, Pegwell soil and cement kiln dust specimens were found to be 35, 27.3 and 26.2% 
respectively.  
Based on the temperatures measured by TC1 and TC4 at an elapsed time of 60 
minutes and the corresponding heights of the specimens, the calculated thermal gradients 
for Speswhite kaolin, Pegwell Bay soil and cement kiln dust specimens were found to be 
0.39, 0.38 and 0.33 °C/mm respectively. The thermal gradient further decreased with an 
elapsed time for all cases and attained about 0.2 °C/mm at the end of 24 hours. This 
indicates that thermal gradient did not remain constant throughout the tests.  
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Fig. (4.2): (a) Elapsed time versus temperature and (b) Elapsed time versus vertical 
deformation and vertical strain for Speswhite kaolin specimen during the 
freezing process 
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Fig. (4.3): (a) Elapsed time versus temperature and (b) Elapsed time versus vertical 
deformation and vertical strain for Pegwell Bay soil specimen during the 
freezing process 
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Fig. (4.4): (a) Elapsed time versus temperature and (b) Elapsed time versus vertical 
deformation and vertical strain for cement kiln dust specimen during the 
freezing process 
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Fig. (4.5): Temperature profiles during freezing of specimens from the top at times 0, 1, 
2, 3, 10 and 24 hours  
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Fig. (4.6): Schematics of the test set up showing various salient features (a) after 
consolidation and (b) after the freezing process 
 
4.3.2.3 Segregation potential  
Konrad and Morgenstern (1980) stated that the permeability of the frozen fringe 
(i.e. a zone of soil between the ice lens and the unfrozen soil (Miller 1972)) controls the 
movement of moisture into the ice-water interface. The velocity of water arriving at an 
advancing frost front is related to the temperature gradient in the frozen soil just behind 
the frost front (Konrad and Morgenstern 1980, 1981, 1982). As a frost front advances into 
the soil, moisture is drawn to it, and it is the coupling of the heat and mass flow that 
constitutes the complex element in the theory of frost heave(Konrad and Morgenstern 
1980). The segregation potential is often used to calculate the frost heave in soils.  
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The measured frost heave of the specimens is presented in Figure 4.7. As can be 
seen in Figure 4.7, a thermal steady state was reached after an elapsed time of 450 min in 
all cases. Table 4.3 presents the parameters that were derived from the frost heave results 
and the segregation potentials (SPt) of the materials used in this study. The frost heave 
rate (dh/dt) were calculated based on the frost heave (dh) and the elapsed time (dt) after 
the steady state. The unit of (dh/dt) in Figure 4.7 is mm/minute, whereas that presented 
in Table 4.3 is mm/hr. The values of velocity of arriving pore water (vφ) were calculated 
based on the heave rates and using Equation 2.6. The temperatures T1 and T2 
corresponding an elapsed time of 600 minutes were considered for calculating the 
temperature gradients (ΔTf) in the frozen fringe when the materials had reached a steady 
state condition. The values of T1 and T2 were obtained from the TC1 and TC4 data. The 
segregation potential (SPt) for the materials were calculated based on Equation 2.7 
(Konrad and Morgenstern 1980, 1981, 1982). 
It can be seen in Table 4.3 that between Speswhite kaolin and Pegwell Bay soil, the 
frost heave rate (dh/dt) and the velocity of water flow (vφ) decreased with a decrease in 
the liquid limit. This trend was found to be not applicable for cement kiln dust which had 
a higher liquid limit than Pegwell Bay soil but showed a lesser heave rate. The ΔTf values 
were found to be not significantly different but followed the trend noted for dh/dt and vφ. 
The segregation potential depends upon the freezing rate (Konrad and Morgenstern 
1981). The segregation potentials of the materials for the freezing rate adopted in this 
study (it decreased from 10 to 15 mm/hr during the first hour to about 2 mm/hr at 24 hrs) 
were found to be slightly different for the materials as shown in Table 4.3. The 
segregation potentials of Speswhite kaolin, Pegwell Bay soil and cement kiln dust were 
calculated for an elapsed time of 24 hrs and were found to be 4.0, 3.10 and 2.62 
respectively. An increase in the segregation potential with elapsed time is attributed due 
Chapter four ............................................... Freeze-thaw tests on initially saturated slurried specimens 
 ______________________________________________________________________  
 
 111 
to a change in the freezing rate which increased from 10 to 15 mm/hr to about 2 mm/hr 
at the time of termination of the tests. 
 
Fig. (4.7): Identification of steady-state frost heave for the materials studied  
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Table 4.3: Heave rate (dh/dt), velocity of water flow (vφ), thermal gradient (ΔTf) and 
segregation potential (SPt) of the initially saturated slurried materials. 
Specimen 
dh 
(mm) 
dt 
(min) 
dh/dt 
(mm/hr) 
vφ =  
(dh/dt)/1.09 
(mm/hr) 
T11 
(°C) 
T21 
(°C) 
t 
(mm) 
ΔTf =  
[(T1-T2)/t] 
(°C/mm) 
SPt = 
(vφ/ ΔTf) 
(mm2/°C.hr) 
          
Speswhite 
kaolin 
8.0 430 1.12 1.03 -13.3 +7.7 58.90 0.36 2.85 
          
Pegwell Bay 
soil 
7.1 500 0.85 0.78 -12.0 +3.7 58.09 0.27 2.88 
          
Cement kiln 
dust 
6.9 580 0.71 0.65 -11.2 +5.8 59.00 0.29 2.25 
          
1T1 and T2 are the temperatures corresponding to an elapsed time of 600 minutes that 
were measured by thermocouples TCs 1 and 4 respectively (see Figure 4.5). The thickness 
of specimen (t) is the distance between the TC1 and TC4 (see Table 4.2; note that for 
Speswhite kaolin and Pegwell Bay soil specimens, the positions of TC1 was at the top of 
the specimens).   
  
Chapter four ............................................... Freeze-thaw tests on initially saturated slurried specimens 
 ______________________________________________________________________  
 
 113 
4.3.3 Thaw settlement  
The specimens after the freezing stage were subjected to a thawing stage in order 
to complete one cycle of freezing and thawing. The commencement of thawing stage took 
place by terminating the cold air supply to the top cooling/heating chamber. The drainage 
was free during this stage. Figures 4.8, 4.9 and 4.10 show the elapsed time versus 
temperature and vertical deformation (vertical strain) of Speswhite kaolin, The 
temperature profiles corresponding to various time intervals are shown in Figure 4.11.  
It can be seen from Figures 4.8a, 4.9a and 4.10a that the temperature at all depths 
increased with an elapsed time. For all figures, it can be recognised that the temperature 
stayed steady for a while and rose after that, this might be attributed to the redistribution 
of melted water from the frozen part of specimens. After about 600 min, the temperatures 
at all salient depths were nearly equal for each specimen (Figure 4.11) and further 
increased to attain the ambient laboratory temperature after more than about 1000 min.  
The thawing process was accompanied by melting of ice within the specimens. The 
LVDTs positioned on the top cooling/heating chamber and on the specimen mould 
showed downward movements of both. Referring back to Figure 4.6, the level C-C of the 
specimen mould shown in Figure 4.6b reverted to level A-A, as shown in Figure 4.6a. 
Additionally, the top level of the specimen (i.e. level C-C in Figure 4.6b) shifted 
downwards indicating that settlement of the specimens had occurred.  
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Fig. (4.8): (a) Elapsed time versus temperature and (b) Elapsed time versus vertical 
deformation and vertical strain for Speswhite kaolin specimen during the 
thawing process 
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Fig. (4.9): (a) Elapsed time versus temperature and (b) Elapsed time versus vertical 
deformation and vertical strain for Pegwell Bay soil specimen during the 
thawing process 
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Fig. (4.10): (a) Elapsed time versus temperature and (b) Elapsed time versus vertical 
deformation and vertical strain for cement kiln dust specimen during the 
thawing process 
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Fig. (4.11): Temperature profiles during thawing of specimens at times 0, 1, 2, 3, 10 and 
24 hours 
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Two very distinct behaviours were noted for during the thawing stage (see Figures 
4.8 to 4.10), such as (i) the rate at which both the specimen and the specimen mould 
settled were different; for Speshwite kaolin, the specimen mould settled at a much faster 
rate than the specimen, whereas in others, both occurred at an equal rate and (ii) the 
settlement of Speswhite kaolin and cement kiln dust were greater than that of the vertical 
deformation of the specimen mould, whereas the specimen and the specimen mould 
showed near equal deformations for the Pegwell Bay soil specimen. The test results 
showed that frictional resistance developed at the top end of the specimens due to the 
adfreezing depends upon the material type. The effect persisted during the thawing 
process for Pegwell soil and cement kiln dust specimens. 
4.3.3.1 Vertical strain during thawing 
Figure 4.12 compares the thaw settlements of the specimens. Table 4.4 shows the 
heights of the specimens prior to the thawing stage, the magnitudes of thaw settlement, 
the heights of the specimens at the end of thawing stage and the vertical strain values of 
the materials. The vertical strains were calculated based on the heights of the specimens 
at the end of the freezing stage (i.e. heights prior to the thawing stage).  
Figure 4.12 shows that an additional heave occurred for all specimens immediately 
after the thawing process commenced (see inset of Figure 4.12). Cheng and Chamberlain 
(1988) noted small magnitudes of heave that occurred during thawing of some soils. The 
occurrence of heave during the thawing process was believed to be governed by a 
regulation mechanism in which case, as the water migrates from the thawed zone into the 
frozen zone, the ice and the unfrozen water in the frozen soil are no longer in equilibrium 
in terms of the energy state. Thus, ice formation occurred in the frozen portion of the 
thawing soil. Eigenbrod et al. (1996) and Eigenbrod (1996) stated that an increase in soil 
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volume was partly associated with the decrease in effective stress resulting from the 
increase in pore-water pressure.  
The test results presented in Figure 4.12 and Table 4.4 clearly showed that the 
magnitude of settlement and vertical strain remained as per the order: Speswhite kaolin, 
cement kiln dust and Pegwell Bay soil. The vertical strain during thawing was smaller 
than their counterparts during the freezing process (i.e. 35, 27.3 and 26.2%).  
 
  
Fig. (4.12): Thaw settlements of the materials 
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Table 4.4: Thaw settlement and vertical strain of the materials studied 
Material 
Height of 
specimen before 
thawing stage 
(mm) 
Thaw 
settlement 
(mm) 
Height of 
specimen at 
the end of 
thawing stage 
(mm) 
Vertical 
strain (%) 
     
Speswhite kaolin 81.5 25.6 55.9 31.4 
     
Pegwell Bay soil 75.9 14.2 61.7 18.7 
     
Cement kiln dust 78.9 19.4 59.5 24.6 
     
 
The magnitude of settlement during the thawing process depends upon the amount 
of water present in the material. The thawing of soils causes an increase in the pore water 
pressure. The pore water pressure dissipates with time which depends upon the 
permeability of the material. Graham and Au (1985) stated that as thawing progresses 
downwards from the ground surface, the water escapes easily through the spaces formerly 
occupied by ice, leaving a fissured clay with reduced moisture content. Chamberlain 
(1981b) stated that when the ice melts, the aggregates of soil particles usually cannot 
reabsorb all the water immediately after thawing. Consequently, soils are frequently 
weaker after thawing than before freezing. With time and proper drainage, the initial 
strength usually returns. 
Figures 4.13 and 4.14 show the height and dry density of the specimens at the end 
of consolidation under the nominal vertical pressure, freezing and thawing processes. The 
dry densities of the specimens at the end of each stage were calculated based on the dry 
mass of the materials and the total volumes at the end of each stage.  
It can be seen in Figures 4.13 and 4.14 that as compared to the height of the 
specimen at the end of consolidation, the height of the specimen due to one cycle of 
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freezing and thawing decreased and the dry density increased at the end of thawing stage 
for Speswhite kaolin and cement kiln dust. The height and dry density at the end of 
thawing remained similar to that prior to the freezing process for Pegwell Bay soil. 
Therefore, a permanent vertical deformation was noted due to one cycle of freezing and 
thawing in case of Speswhite kaolin and cement kiln dust. An increase in the dry density 
for these cases suggested that a denser packing of particles was attained after one cycle 
of freezing and thawing, similar to that was noted by Konrad (1989) for initially saturated 
loose soils. Further increase in dry density (decreasing in voids) would be expected with 
the increasing of freeze-thaw cycles until reaching to the residual void ratio (eres) 
according to Viklander (1998a). 
 
 
 
Fig. (4.13): Changes in the height of specimens at the end of various stages of the tests 
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Fig. (4.14): Changes in the dry density of specimens at the end of various stages of the 
tests 
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Fig. (4.15): Water content profiles after freezing and thawing stages for (a) Speswhite 
kaolin, (b) Pegwell Bay soil and (c) Cement kiln dust   
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less increase towards the top of the specimens. A decrease in the water content due to 
thawing is primarily due to the thaw-consolidation. A very similar water content all 
depths for Pegwell Bay and cement kiln dust specimens can be attributed due to a higher 
permeability of the materials as compared to that of Speswhite kaolin.  
4.4 Concluding remarks 
This chapter presented the freezing and thawing test results of initially saturated 
slurried materials. The materials selected for the study (Speswhite kaolin, Pegwell Bay 
soil and cement kiln dust) had very high fine fractions (100% for Speswhite kaolin and 
cement kiln dust and about 93% for Pegwell Bay soil). The vertical deformations during 
freezing and thawing were measured. The temperature at various salient depths was 
monitored during the tests. The water content of the specimens at the end of freezing and 
thawing stages were also measured. The following points emerged from the test results. 
1. At a nominal applied vertical pressure of 2 kPa, the consolidation settlement of 
Pegwell Bay soil was found to be greater than that of Speswhite kaolin and 
cement kiln dust. The values of coefficient of permeability of Pegwell Bay soil 
and cement kiln dust were found to be similar (10-8 m/s), whereas the 
permeability of Speswhite kaolin was found to be an order of magnitude lesser 
(10-9 m/s) than the other two materials. 
2. The vertical strain associated with the frost heave was found to be the greater for 
Speswhite kaolin (35%) than the other two materials. The vertical strain due to 
the frost heave of Pegwell Bay soil (27.3%) was found to be greater than that of 
cement kiln dust (26.2%).  
3. The segregation potential is an important parameter which is often used to assess 
frost heave of particulate systems. The segregation potentials of Speswhite kaolin 
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and Pegwell Bay soil were found to be similar (2.85 and 2.88 mm2/°C.hr, 
respectively), whereas it was found to be lesser for cement kiln dust (2.25 
mm2/°C.hr).  
4. The vertical strain associated with thaw settlement was found to be the greater 
for Speswhite kaolin (31.4%) than the other two materials. The vertical strain due 
to thaw settlement of Pegwell Bay soil (18.7%) was found to be lesser than that 
of cement kiln dust (24.6%).   
5. The water content of the materials increased at the end of the freezing process, 
whereas it decreased at the end of thawing process. The increase in the water 
content is primarily attributed due to volume expansion associated with the 
change in state of water and formation of ice lenses. 
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CHAPTER 5 
Freeze-thaw tests on compacted specimens 
5.1 Introduction 
Soils and various geomaterials (mixtures of soil and various industrial wastes and 
admixtures) are usually compacted and used in many civil engineering applications. The 
use of natural soils and mixtures of soils and admixtures are in the areas of pavements, 
railway formations and backfill etc. Similarly, clays are often used as hydraulic barriers. 
Examples of the use of clays include liners and covers for landfills, liners for ponds and 
waste lagoons, and caps for remediation of contaminated sites. In cold regions, compacted 
geomaterials may be subjected to freezing and thawing processes during the winter 
months (Othman et al. 1994). Chamberlain et al. (1990) and Benson and Othman (1993) 
have shown that freezing and thawing affects the structure of compacted soils. The effects 
of freezing and thawing processes on the volumetric deformation of compacted 
geomaterials are of significant interest (Konrad 1989c). The objective of this chapter was 
to study the volume change behaviour of the compacted specimens of Speswhite kaolin, 
Pegwell Bay soil and cement kiln dust as affected by one cycle of freezing and thawing 
under a nominal applied pressure of 2.0 kPa.  
This chapter is presented in several sections. The experimental program is recalled 
in section 5.2 (Test series II; section 3.8). Section 5.3 presents the test results and 
discussion. In section 5.3, the vertical strain due to the frost heave during the freezing 
process, the heave rate, the segregation potential, the vertical strain due to settlement 
during the thawing process, and the water contents at the end of freezing and thawing 
stages are presented and compared with the test results obtained for initially saturated 
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slurried materials in chapter 4. The main findings from this chapter are summarised in 
section 5.4.  
5.2 Experimental program 
 Compacted specimens were prepared within the specimen mould by statically 
compacting the chosen materials to the targeted dry densities at predetermined water 
contents. For each material, one compaction conditions (dry density and water content) 
was chosen. Compaction of the specimens was carried out using a static compaction 
machine (Figure 3.22). The tests were carried out using the test set up shown in Figures 
3.12 and 3.13.  Table 3.4 shows the initial compaction conditions of the specimens tested. 
The diameter and height of the specimens were 103.5 and 65 mm respectively. The 
freeze-thaw tests were carried out at an applied vertical pressure of 2.0 kPa (Test series 
II; section 3.8).  
The vertical deformation of the specimens during saturation, freezing and thawing 
processes were measured at the top of the cooling/heating chamber. Additionally, the 
vertical deformations of the specimen mould were measured during all stages of the tests. 
The temperature at the predetermined levels was also monitored. The saturation of the 
specimens was carried out at the room temperature. The supplied water to the specimens 
was at ambient laboratory temperature of 21 ± 2 °C. During the saturation process, the 
water table was kept at the top the specimens, whereas during freezing and thawing stages 
the water table was kept at the bottom of the specimens. During the freezing process, the 
temperature at the top of the specimens was lowered to -19.5 ± 0.5 °C and maintained for 
24 hours, whereas the thawing process occurred at the ambient laboratory temperature. 
Two specimens were tested for each material. This allowed determining the water 
contents of the specimens at the end of freezing and thawing stages.  
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5.3 Test results and discussion  
5.3.1 Volume change during the saturation process 
Prior to subjecting the compacted specimens to one cycle of freezing and thawing, 
the specimens were saturated (see section 3.8.1.2). Figure 5.1 shows the vertical 
deformation and change in the height of the specimens during the saturation process. 
Table 5.1 presents the magnitudes of vertical deformation, the heights of specimens at the 
end of satration process, the vertical strains, the displacements of the specimen mould 
during the saturation process and the net increase in the distance of the thermocouple 
positions as compared to the top of the specimens at the end of the saturation process.  
It can be seen in Figure 5.1 that all specimens invariably exhibited swelling 
accompanied by an increase in the height. A lifting of the specimen mould occurred in all 
cases as the specimens exhibited swelling (Table 5.1). The vertical deformation and 
vertical strain of Speswhite kaolin were found to be far greater than of the other materials 
that exhibited very minor swelling deformations. This is attributed to a higher specific 
surface area of the clay as compared to the two other materials (Table 3.5) and a low 
intensity of applied stress (2.0 kPa) during the saturation process.  
The displacement of the specimen mould during the swelling of the specimens 
occurred against the frictional resistance developed at the interface between the specimen 
and the inner surfaces of the specimen moulds. The test results showed that the frictional 
resistance in case of Speswhite kaolin specimen was greater. 
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Fig. (5.1): Vertical deformation of the compacted materials during the saturation 
process (applied stress during saturation = 2.0 kPa) 
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Table 5.1: Vertical deformation, height of specimen after saturation, specimen 
mould displacement and net increase in distance of thermocouples from 
specimen top  
Specimen 
Vertical 
deformation 
of specimen 
(mm) 
Height of 
specimen 
after 
saturation 
process 
(mm)a 
Vertical 
strain 
(%) 
Specimen 
mould 
displacement 
(mm) 
Net increase in 
distance of 
thermocouples 
from specimen 
top (mm) 
      
Speswhite 
kaolin 
4.79 69.79 7.4 2.26 2.53 
      
Pegwell 
Bay soil 
0.10 65.10 0.15 0.01 0.09 
      
Cement 
kiln dust 
0.22 65.22 0.34 0.02 0.20 
      
a Initial height of specimens = 65 mm 
5.3.2 Development of frost heave during the freezing process 
5.3.2.1 Thermocouple positions after saturation  
The positions of the thermocouples from top of the specimens prior to the saturation 
process were at 0 (TC0), 4.5 (TC1), 29.5 (TC2), 54.5 (TC3) and 63.5 mm (TC4) (section 
3.7.1.1). The increase in the height of the compacted specimens during the saturation 
process and lifting of the specimen mould affected the positions of the thermocouples 
with reference to the top of the specimens. Table 5.2 shows the initial and modified 
positions of the TCs with reference to the top of the specimens. The new position of the 
TCs were calculated based on the initial distances and the net increase in the distances of 
thermocouples from the top of the specimens as shown in Table 5.1. 
 
Chapter five .......................................................................... Freeze-thaw tests on compacted specimens 
 ______________________________________________________________________  
 
 131 
Table 5.2: The original and modified positions of the thermocouples with reference 
to the top of the specimens 
Thermocouple 
number 
Original position of 
thermocouples with 
reference to the top 
of specimen  
(mm) 
New positions of the thermocouple with 
reference to the top of specimen  
(mm) 
Speswhite 
kaolin 
Pegwell 
Bay soil 
Cement 
kiln dust 
     
TC0 0 0 0 0 
     
TC1 4.5 7.03 4.59 4.7 
     
TC2 29.5 32.03 29.59 29.7 
     
TC3 54.5 57.03 54.59 54.7 
     
TC4 63.5 66.03 63.59 63.7 
     
 
5.3.2.2 Frost heave development 
The elapsed time versus temperature, vertical deformation and vertical strain during 
the freezing process for Speswhite kaolin, Pegwell Bay soil and cement kiln dust 
specimens are shown in Figures 5.2, 5.3 and 5.4 respectively. The revised thermocouple 
positions are shown in the legends of Figures 5.2 to 5.4. The vertical deformation of the 
specimen mould during the tests are also shown in Figures 5.2 to 5.4. The temperature 
profiles within the specimens at time intervals of 0, 1, 2, 3, 10 and 24 hrs are shown in 
Figure 5.5. The temperature prior to the commencement of the freezing process for 
Pegwell Bay soil specimen was about 24 °C, whereas for the other materials it was about 
18.5 °C.  
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Fig. (5.2): (a) Elapsed time versus temperature and (b) Elapsed time versus vertical 
deformation and vertical strain for Speswhite kaolin specimen during the 
freezing process. 
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Fig. (5.3): (a) Elapsed time versus temperature and (b) Elapsed time versus vertical 
deformation and vertical strain for Pegwell Bay soil specimen during the 
freezing process. 
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Fig. (5.4): (a) Elapsed time versus temperature and (b) Elapsed time versus vertical 
deformation and vertical strain for cement kiln dust specimen during the 
freezing process. 
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Fig. (5.5): Temperature profiles during freezing of specimens from the top at times 0, 1, 
2, 3, 10 and 24 hours. 
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The test results presented in Figures 5.2a, 5.3a and 5.4a showed that the temperature 
at the top of the specimens decreased from the initial temperatures to subzero 
temperatures within less than about twenty minutes for all cases, as indicated by the 
temperatures measured by TC0. The temperature within the cooling/heating chamber 
remained constant at about -19 to -20 °C after more than about 60 minutes. A slight 
increase in the temperature was noted for Pegwell Bay soil and cement kiln dust 
specimens towards the end of the freezing stage; however, the temperature yet remained 
negative at the top of the specimens. With increasing depth of the specimens, the 
temperature decreased at the relatively slower rate. With an elapsed time, a variation of 
the temperature at all predetermined depths was less (see the measured temperatures by 
TCs 1, 2, 3 and 4). 
The test results in Figure 5.5 showed that for any specimen a difference between 
the temperature was noted at large specimen depths at longer elapsed times, whereas 
towards the top of the specimen the temperatures remained very similar. For cement kiln 
dust, towards the bottom of the specimen small positive values (+ 2 to 3 °C) of the 
temperature was noted (see the data of TCs 3 and 4), whereas the temperatures towards 
the top were negative (- 5 to - 9 °C; see the data of TCs 1 and 2) indicating that a part of 
the cement kiln dust specimen remained at frozen state and a part remained at unfrozen 
state. The temperature at all depths for the specimens of Speswhite kaolin and Pegwell 
Bay soil remained negative indicating that for these cases the specimens were nearly 
frozen. Konard (1989a) stated that subzero temperatures do not always indicate the 
samples are completely frozen. A part of water within soil system can be considered to 
be frozen, whereas the amount of unfrozen water increases with an increase in the amount 
of clay fractions.  
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A comparison of the thermal profiles of the specimens (Figure 5.5) indicated that 
there were differences in the temperature profiles of the specimens of Speswhite kaolin 
and other materials at all elapsed times considered, including at the end of the freezing 
stage. This was not evident in case of initially saturated slurried specimens which 
exhibited near similar temperature profiles towards the end of the freezing stage (Figure 
4.5). The impact of the differences in the temperature measurement locations (i.e. 
positions of thermocouples) was found to have a minor influence on the temperature 
profiles. The test results suggested that for compacted specimens, the type of material 
(mineralogy and composition), initial compaction conditions, particle rearrangement and 
the swollen volumes of the materials influenced the temperature profiles. 
The adfreezing effect was also found to persist in case of the compacted specimens 
as that occurred in case of initially saturated slurried specimens. A drop in the temperature 
at the top of the specimens within less than about twenty minutes caused ice formation at 
and near the top end of the specimens. The expansion of the specimens occurred towards 
the bottom end (in the direction of least resistance) as also noted in case of initially 
saturated slurried specimens in chapter 4. The changes in the salient features during the 
frost heave of the specimens are shown in Figure 4.6. The position of the water table 
during the freezing stage did not change. The volume change of specimens due to the 
freezing process was accompanied by the lifting of the specimen mould. The vertical 
deformation measured at the top of the cooling/heating chamber represents the 
deformation of the specimen (Δh), whereas the deformation of the specimen mould was 
measured by the two outer LVDTs (Figure 4.6). The total height of the specimen after the 
freezing stage became (h0 + Δh), where h0 is the height of specimen prior to the 
commencement of the freezing process (see Figure 4.6).  
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The average values of the LVDT readings at the top of cooling/heating chamber 
and at top of specimen mould are presented as the deformation of the specimens and 
deformation of the specimen mould in Figures 5.2b, 5.3b, and 5.4b. A decrease in the 
temperature caused the development of frost heave in the compacted materials (Figures 
5.2b, 5.3b and 5.4b). The frost heave in all cases commenced after about twenty minutes 
with no indication of any primary heave. The vertical deformation did not attain 
equilibrium at the time of termination of the freezing process. A similar trend of a non-
equilibrium in the frost heave can be noted from the reported works of various researchers 
(Chamberlain 1981b; Konrad and Lemieux 2005; Hendry et al. 2016) and also in chapter 
4 for initially saturated slurries materials.  
The vertical deformation of the specimens and the specimen mould were found to 
be similar in case of Speswhite kaolin and Pegwell Bay soil, whereas a difference of less 
than about 1.5 mm was noted between the two in case of cement kiln dust specimen. 
Table 5.3 presents the vertical deformations due to frost heave, heights of the specimens 
at the end of the freezing stage and the vertical strains associated with frost heave for the 
three materials tested. The vertical strain values were calculated based on the change in 
height and the height of the specimens prior to the freezing process.  
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Table 5.3: Frost heave and vertical strain associated with frost heave for the 
compacted materials 
Material 
Frost heave  
(mm) 
Height of specimen 
at the end of freezing 
stage (mm) 
Vertical strain due to 
frost heave (%)a 
    
Speswhite kaolin 20.9 (21.1) 90.7 30.0 (35) 
    
Pegwell Bay soil 21.7 (16.3) 86.8 33.3 (27.3) 
    
Cement kiln dust 22.9 (16.4) 88.1 35.1 (26.2) 
    
a Values within brackets are for initially saturated slurried specimens 
It can be seen in Table 5.3 that the magnitude of vertical deformation associated 
with frost heave for compacted specimens of Speswhite kaolin, Pegwell Bay soil and 
cement kiln dust were found to remain within about ± 1.0 mm. For Speswhite kaolin, the 
vertical deformations of compacted specimen (i.e. 20.9 mm) and initially saturated 
slurried specimen (21.1 mm, chapter 4) were similar, whereas the vertical deformations 
of compacted Pegwell Bay soil and cement kiln dust specimens were found to be 
significantly greater than their initially saturated slurried counterparts which exhibited 
vertical deformation of 16.3 and 16.4 mm respectively (see the values within brackets in 
Table 5.3 and section 4.3.2.2 in chapter 4). The vertical strains of compacted specimens 
of Pegwell Bay soil and cement kiln dust were greater than that of compacted Speswhite 
kaolin. In case of slurried materials, the reverse was the trend; in which case, the specimen 
of Spweswhite kaolin exhibited a greater vertical strain due to frost heave. The results 
indicated that compacted-saturated materials may exhibit significantly higher volume 
change during the freezing process as compared to initially saturated slurried materials.   
Based on the temperatures measured by TC1 and TC4 at an elapsed time of 60 
minutes and the corresponding heights of the specimens, the calculated thermal gradients 
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for Speswhite kaolin, Pegwell Bay soil and cement kiln dust specimens were found to be 
0.21, 0.33 and 0.28 °C/mm respectively, as against their initially saturated slurried 
counterparts as 0.39, 0.38 and 0.33 °C/mm respectively. The thermal gradient further 
decreased with an elapsed time for all cases and attained about 0.15, 0.20 and 0.20  °C/mm 
for Speswhite kaolin, Pegwell Bay soil and cement kiln dust respectively at the end of 24 
hours. This indicates that thermal gradient did not remain constant throughout the tests as 
that occurred in case of the initially saturated slurried specimens in which case a 
temperature gradient at the end of the freezing stage was very similar (of 0.20 °C/mm) 
(section 4.3.2.2). 
5.3.2.3 Segregation potential  
Figure 5.6 shows the measured frost heave of the specimens. As can be seen in 
Figure 5.6, a thermal steady state was reached after an elapsed time of 400 min in all 
cases. Table 5.4 presents the parameters that were derived from the frost heave results 
and the segregation potentials (SPt) of the compacted materials used in this study.  
The frost heave rate (dh/dt) were calculated based on the frost heave (dh) and the 
elapsed time (dt) after the steady state. The unit of (dh/dt) in Figure 5.6 is mm/minute, 
whereas that presented in Table 5.4 is mm/hr. The values of velocity of arriving pore 
water (vφ) were calculated based on the heave rates and using Equation 2.6. The 
temperatures T1 and T2 corresponding an elapsed time of 600 minutes were considered 
for calculating the temperature gradients (ΔTf) in the frozen fringe when the materials 
had reached a steady state condition. The values of T1 and T2 were obtained from the 
TC1 and TC4 data. The segregation potential (SPt) for the materials were calculated based 
on Equation 2.7 (Konrad and Morgenstern 1980; 1981; 1982). The relevant parameters 
in Table 5.4 for initially saturated slurried materials are shown within brackets for 
comparing with the compacted materials. 
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It can be seen in Table 5.4 that between Speswhite kaolin and Pegwell Bay soil, the 
frost heave rate (dh/dt), the velocity of water flow (vφ) and the segregation potential (SPt) 
increased with a decrease in the liquid limit. The same trend was also noted between 
Speswhite kaolin and cement kiln dust. Although the origins of Pegwell Bay soil and 
cement kiln dust were entirely different; however, very similar values of (dh/dt), vφ, ΔTf 
and SPt were noted.  
As compared to the initially saturated slurried specimen, the heave rate and the 
velocity of water flow decreased for the compacted specimen of Speswhite kaolin, 
whereas the parameters increased for the compacted specimens of Pegwell Bay soil and 
cement kiln dust. The temperature gradient decreased, whereas the segregation potential 
increased in all cases. The vertical pressure at which the specimens were tested (2 kPa) 
was far lesser than the applied compaction pressures during the preparation of the 
specimens (650 to 750 kPa, Table 3.4). Therefore, the tests in this study can be considered 
to be on the overconsolidated specimens of the materials. 
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Fig. (5.6): Identification of steady-state frost heave for the materials studied  
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Table 5.4: Heave rate (dh/dt), velocity of water flow (vφ), thermal gradient (ΔTf) and 
segregation potential (SPt) of compacted saturated materials. 
Specimen 
dh 
(mm) 
dt 
(min) 
dh/dt 
(mm/hr) 
vφ =  
(dh/dt)/1.09 
(mm/hr) 
T11 
(°C) 
T21 
(°C) 
t 
(mm) 
ΔTf =  
[(T1-T2)/t] 
(°C/mm) 
SPt = 
(vφ/ΔTf) 
(mm2/°C.hr) 
          
Speswhite 
kaolin 
5.1 400 0.77 
(1.12) 
0.71 (1.03) -7.2 +4.2 59.0 0.19  
(0.36) 
3.74  
(2.85) 
          
Pegwell Bay 
soil 
6.7 380 1.06 
(0.85) 
0.97 (0.78) -11.2 +2.4 59.0 0.23  
(0.27) 
4.22  
(2.88) 
          
Cement kiln 
dust 
8.4 500 1.01 
(0.71) 
0.92 (0.65) -9.2 +5.6 59.0 0.25  
(0.29) 
4.04  
(2.25) 
          
1T1 and T2 are the temperatures corresponding to an elapsed time of 600 minutes that 
were measured by thermocouples TCs 1 and 4 respectively (see Figure 5.5). The thickness 
of specimen (t) is the distance between the TC1 and TC4 (see Table 5.2; note that for 
Speswhite kaolin and Pegwell Bay soil specimens, the positions of TC1 was at the top of 
the specimens).  Values within brackets are for initially saturated specimens. 
Konrad (1989a) stated that increasing the density of soil, by compaction or 
overconsolidation, decreases the void ratio but also decreases the hydraulic conductivity, 
thereby controlling the rate of growth of ice lenses. Rutledge (1940) stated that below the 
critical density, frost action is directly proportional to density; above the critical density, 
frost action is inversely proportional to density.  
Konrad (1989b)’s investigation showed that there may be two cases of a change 
in the segregation potential, such as (i) specimens with lower void ratio (higher OCR) 
may exhibit lower segregation potential than normally consolidated specimens and (ii) 
the combined effects of decreasing void ratio and increasing suction at the frost line may 
result in decreasing the segregation potential. An increase in the segregation potential for 
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compacted materials as compared to the initially saturated slurried specimens in this study 
is attributed due to the structure and fabric of compacted materials which are favourable 
to the formation of ice lenses causing an overall increase in the segregation potential.  
5.3.3 Thaw settlement  
The specimens after the freezing stage were subjected to a thawing stage in order 
to complete one cycle of freezing and thawing. The commencement of thawing stage took 
place by terminating the cold air supply to the top cooling/heating chamber. The drainage 
was free during this stage.   
Figures 5.7, 5.8 and 5.9 show the elapsed time versus temperature and vertical 
deformation (vertical strain) of Speswhite kaolin, Pegwell Bay soil and cement kiln dust 
respectively. The temperature profiles corresponding to various time intervals are shown 
in Figure 5.10.  
It can be seen from Figures 5.7a, 5.8a and 5.9a that the temperature at all depths 
increased with an elapsed time. After about 600 min, the temperatures at all salient depths 
were nearly equal for each specimen (Figure 5.10) that further increased to attain the 
ambient laboratory temperature.  
The thawing process was accompanied by melting of ice within the specimens. The 
LVDTs positioned on the top cooling/heating chamber and on the specimen mould 
showed downward movements of both. Therefore, the thaw settlement was accompanied 
by a downward movement of the specimen mould due to a loss of friction at the 
boundaries and settlements of the specimens. The magnitudes of deformation of the 
specimens and the specimen mould were found to be very similar (Figures 5.7 to 5.9).   
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Fig. (5.7): (a) Elapsed time versus temperature and (b) Elapsed time versus vertical 
deformation and vertical strain for Speswhite kaolin specimen during the 
thawing process. 
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Fig. (5.8): (a) Elapsed time versus temperature and (b) Elapsed time versus vertical 
deformation and vertical strain for Pegwell Bay soil specimen during the 
thawing process. 
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Fig. (5.9): (a) Elapsed time versus temperature and (b) Elapsed time versus vertical 
deformation and vertical strain for cement kiln dust specimen during the 
thawing process. 
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Fig. (5.10): Temperature profiles during thawing of specimens at times 0, 1, 2, 3, 10 and 
24 hours.  
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Figures 5.7b, 5.8b and 5.9b showed that the rates at which both the specimens and 
the specimen moulds settled were different. For the specimens of Speshwite kaolin and 
Pegwell Bay soil, the rates of settlement of the specimen moulds and the specimens were 
similar, whereas the specimen mould settled and attained an equilibrium much earlier 
than that occurred for the specimen in case of cement kiln dust. The test results showed 
that frictional resistance developed at the top end of the specimens due to the adfreezing 
depends upon the material type and which is recoverable in the cases of all the materials. 
Additionally, no additional thaw consolidation took place as that occurred in case of 
initially saturated slurried specimens (Figures 4.8 to 4.10). The test results showed that 
the specimen mould positions remained unaltered as that of the positions noted at the end 
of saturation stage for all the materials.    
5.3.3.1 Vertical strain during thawing 
Figure 5.11 compares the thaw settlements of the specimens tested. Table 5.5 
shows the heights of the specimens prior to the thawing stage, the magnitudes of thaw 
settlement, the heights of the specimens at the end of thawing stage and the vertical strain 
values of the materials. The vertical strains were calculated based on the heights of the 
specimens at the end of the freezing stage (i.e. heights prior to the thawing stage). For the 
sake of comparison, the relevant parameters for the initially saturated slurried materials 
are shown within brackets in Table 5.5.  
Figure 5.11 shows that an additional heave occurred for all specimens immediately 
after the thawing process commenced (see inset of Figure 5.11). Similar observations 
have been made by Cheng and Chamberlain (1988), Eigenbrod et al. (1996) and 
Eigenbrod (1996). An increase in the volume of the materials is attributed due to a 
decrease in effective stress resulting from the increase in pore-water pressure (Eigenbrod 
et al. 1996; Eigenbrod 1996).  
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The test results presented in Figure 5.11 and Table 5.5 clearly showed that the 
magnitude of settlement and vertical strain remained as per the order: cement kiln dust, 
Pegwell Bay soil and Spewhite kaolin. The vertical strain during thawing were smaller 
than their counterparts during the freezing process (i.e. 30.0, 33.3 and 35.1%, Table 5.3). 
Additionally, the thaw settlement and vertical strain for compacted of Speswhite kaolin 
were found to be smaller than that occurred for the initially saturated slurried specimen 
(see values within brackets in Table 5.5), whereas for others the thaw settlement and 
vertical strain were found to be greater for compacted specimens as compared to the 
initially saturated slurried specimens. The magnitude of settlement during the thawing 
process depends upon the amount of water present, the development of pore water 
pressure and permeability of the material (Chamberlain 1981b; Graham and Au 1985). 
 
Fig. (5.11): Thaw settlement of  the materials   
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Table 5.5: Thaw settlement and vertical strain of the materials studied 
Material 
Height of 
specimen 
before thawing 
stage (mm)1 
Thaw 
settlement 
(mm) 
Height of 
specimen at 
the end of 
thawing 
stage (mm) 
Vertical 
strain (%)1 
     
Speswhite kaolin 90.7 
6.2  
(25.6) 
84.5 
6.8  
(31.4) 
     
Pegwell Bay soil 86.8 
17.7  
(14.2) 
69.1 
20.4  
(18.7) 
     
Cement kiln dust 88.1 
19.9  
(19.4) 
68.2 
22.6  
(24.6) 
     
1 Values within brackets are for initially saturated slurried specimens  
Figures 5.12 and 5.13 show the height and dry density of the specimens at the end 
of saturation process under the nominal vertical pressure, freezing and thawing processes. 
The dry densities of the specimens at the end of each stage were calculated based on the 
dry mass of the materials and the total volumes at the end of each stage.  
It can be seen in Figures 5.12 and 5.13 that as compared to the heights of the 
specimens at the end of saturation, the heights of the specimens due to one cycle of 
freezing and thawing increased and the dry density decreased at the end of thawing stage. 
Therefore, a permanent positive vertical deformation was noted due to one cycle of 
freezing and thawing as against a permanent negative vertical deformation in case of 
initially saturated slurried materials (Figures 4.13 and 4.14). Viklander (1998a) stated that 
a decrease in the dry density due to freeze/thaw effects is associated with the difference 
in the particle rearrangement between freezing and thawing process which may not be 
identical leading to a net volume increase of soils and making the soil structure slightly 
looser than prior to freezing.  
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Fig. (5.12): Changes in the height of specimens at the end of various stages of the tests 
 
Fig. (5.13): Changes in the dry density of specimens at the end of various stages of the 
tests 
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5.3.3.2 Water content at the end of freezing and thawing processes 
Figure 5.14 shows the water content of the specimens at the end of freezing and 
thawing stages. For the sake of comparisons, the initial compaction water contents of the 
specimens are shown in Figure 5.14.  
It can be seen in Figure 5.14 that due to the freezing process there was an increase 
in the water content of the specimens at all depths. The increase in the water content of 
the specimens was more intense towards the three-quarter depth of the specimens. The 
water content remained higher than the initial compaction water contents at the end of 
thawing stage in all cases. An increase in the water content during freezing is be attributed 
due to the formation of ice lenses on account of the movement of water from the base of 
the specimens in an upward direction. The water content increases at three-quarter depth 
for Speswhite kaolin specimen was about two and half times that of the initial water 
content, whereas it was about three and five times higher in cases of the specimens of 
Pegwell Bay soil and cement kiln dust respectively. The water content increase towards 
the top of the specimens of Speswhite kaolin and cement kiln dust was quite significant.  
A decrease in the water content due to thawing is primarily due to the thaw-
consolidation process. The water content of Speswhite kaolin specimen was found to 
increase at the end of the thawing as compared to the end of the freezing stage, particularly 
above the mid-height of the specimen indicating that water flow took place in an upward 
direction during the thawing process. An increased water content during the thawing 
process was not evident in other materials in which case the water content at the end of 
thawing stage was very similar throughout the specimens.  
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Fig. (5.14): Water content profiles after freezing and thawing stages for (a) Speswhite 
kaolin, (b) Pegwell Bay soil and (c) Cement kiln dust   
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5.4 Concluding remarks 
This chapter presented the freezing and thawing test results of compacted specimens 
of the chosen materials (Speswhite kaolin, Pegwell Bay soil and cement kiln dust). The 
vertical deformations during freezing and thawing were measured. The temperature at 
various salient depths were monitored during the tests. The water content of the 
specimens at the end of freezing and thawing stages were also measured. The following 
points emerged from the test results. 
1. Compacted specimens of the materials exhibited swelling strain of different 
magnitudes during the saturation process under an applied vertical pressure of 
2.0 kPa. The swelling strain of Speswhite kaolinite (about 7.5%) was higher than 
that of the other materials which exhibited very minor swelling (<0.50%). A 
higher swelling of Speswhite kaolin is attributed due to a greater specific surface 
area of the clay as compared to the other materials studied.  
2. The vertical strain associated with the frost heave was found to be the higher for 
compacted cement kiln dust specimen (35.1%) than compacted specimens of 
Pegwell Bay soil (33.3%) and Speswhite kaolin (30.0%). As compared to the 
frost heave of initially saturated slurried specimens, the frost heave vertical strain 
of compacted Speswhite kaolin was found to be lower, whereas it was higher for 
compacted Pegwell Bay soil and cement kiln dust specimens.  
3. The frost heave rate (dh/dt), the velocity of water flow (vφ) and the temperature 
gradient at steady state (ΔTf) decreased, whereas the segregation potential (SPt) 
increased for a compacted specimen of Speswhite kaolin as compared to the 
initially saturated slurried specimen of the material. For compacted Pegwell Bay 
soil and cement kiln dust, all the stated parameters were found to increase as 
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compared to the initially saturated slurried specimens. The test results indicated 
that compacted materials may exhibit higher frost heave under certain stress and 
hydraulic boundary conditions.  
4. The vertical strain associated with thaw settlement was found to be the lesser for 
Speswhite kaolin (6.8%) than the other two materials (20.4% and 22.6% for 
Pegwell Bay soil and cement kiln dust respectively). The vertical strain 
associated with thaw settlement of compacted Speswhite kaolin was found to be 
lower than the initially saturated slurried specimen of the same material, whereas 
it was found be higher for compacted specimens of Pegwell Bay soil and cement 
kiln dust as compared to the initially saturated slurried specimens.   
5. Except the compacted Speswhite kaolin specimen, the water content of the 
materials increased at the end of the freezing process, whereas it decreased at the 
end of thawing process. For the former, a redistribution of the water content took 
place during the thawing process with an increase in the water content towards 
the top of the specimen.   
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CHAPTER 6 
Effects of wet-dry and intermittent freeze-thaw 
cycles on volume change behaviour 
6.1 Introduction 
In nature, geomaterials are usually exposed to various climatic processes which 
cause the materials to undergo wetting, drying, freezing and thawing. The cycles of 
wetting and drying have been related to the formation of soil aggregates in non-
aggregated soils (Utomo and Dexter 1982). Cyclic wetting and drying processes affect 
the physical and chemical properties, volume change, water retention and mechanical 
behaviour of soils (Rajaram and Erbach 1999; Allam and Sridharan 1981; Kodikara et al. 
1999; Lin and Benson 2000; Albrecht and Benson 2001; Liu et al. 2016; Day 1994; 
Tripathy et al. 2002; Subba Rao and Tripathy 2003; Alonso et al. 2005; Tripathy and 
Subba Rao 2009; Rosenbalm and Zapata 2017; Toll et al. 2016a, b; Lawton et al. 1992; 
Fleureau et al. 2002). 
Climate changes have led to more extreme and unusual weather events in the hot-
seasonal weathering regions of the world. For example, in countries like Iraq, which has 
been known by the extremely hot weather with temperature exceeding 50 °C in summer 
months, experienced snowfall in 2008 for the first time in hundred years (Zhou et al. 
2011). Similarly, during the winter of 2013 extreme cold weather was realised in the 
northern and western territories of Iraq and the Middle East (Herring et al. 2015). 
Therefore, although the effects of wet-dry cycles on the behaviour of geomaterials in the 
temperate regions of the world have been studied by many researchers in the past, it would 
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be necessary to study how an intermittent freeze-thaw cycle affects the behaviour of 
geomaterials. 
The objectives of this chapter were; (i) to study the one-dimensional volume change 
behaviour of the compacted specimens of Speswhite kaolin, Pegwell Bay soil and cement 
kiln dust with increasing number of wet-dry (WD) cycles and (ii) to study the impact of 
intermittent freeze-thaw (FT) cycle on the volume change behaviour of the materials that 
were previously exposed to a number of WD cycles . 
This chapter is presented in several sections. The experimental program (Test series 
III; section 3.8) is recalled in section 6.2. Under test results and discussion (section 6.3), 
the experimental results involving the WD cycles with intermittent FT cycles of 
compacted materials are presented. The temperature profiles, the volume change of the 
materials upon exposure to cycles of wetting and drying, the frost heave and settlement 
during the thawing processes and the water content of the materials at the end of various 
stages are presented in Section 6.3.  The concluding remarks are presented in section 6.4. 
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6.2 Experimental program 
The experimental program and the experimental methods for testing the compacted 
specimens by subjecting them to cyclic wet-dry processes followed by freezing and 
thawing processes are presented in detail in chapter 3 (Test series III; section 3.8). 
Compacted specimens were prepared within the specimen mould (Figure 3.22) by 
statically compacting the chosen materials to the targeted dry densities at predetermined 
water contents. For each material, one compaction condition (dry density and water 
content) was chosen. Compaction of the specimens was carried out using a static 
compaction machine (Figure 3.22). Table 3.4 shows the initial compaction conditions of 
the specimens tested. The diameter and height of the specimens were 103.5 and 65 mm 
respectively.  
The sequence of the climatic processes adopted in this study was inspired by the 
recent climatic conditions in the Middle East territories which are usually warm to 
extreme hot throughout the year with rainfall and dry winter periods accompanied by 
some extreme frozen periods. The duration of the seasons can have a significant impact 
on various geomaterials. The experimental program adopted in this study does not 
replicate the length of the seasons and are only laboratory-scale testing of materials with 
assumed temperature and hydraulic boundary conditions for predetermined periods of 
testing. 
The sequence of the climatic processes adopted in this study was by subjecting 
compacted specimens of the materials to cycles of wetting and drying until the 
equilibrium was attained in terms of the vertical deformation of the specimens. Then, one 
cycle of an intermittent freeze-thaw process was introduced. Once the freeze-thaw cycles 
were completed, the specimen was further subjected wet-dry cycles followed by another 
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cycle of freeze-thaw and so on. The cyclic tests were carried out at an applied vertical 
pressure of 2.0 kPa using the test set up shown in Figures 3.12 and 3.13. The details of 
the test set up are presented in section 3.7.1. The vertical deformation of the specimens 
during wetting, drying, freezing,  and thawing processes were measured at the top of the 
cooling/ heating chamber. Additionally, the vertical displacements of the specimen mould 
were measured during all stages of the tests. The temperature at the predetermined levels 
along the depth of the specimens was monitored during the tests.  
The wetting of the specimens was carried out at the room temperature until the 
deformation of the specimens was found to be stabilised. The supplied water to the 
specimens was at ambient laboratory temperature of 21 ± 2 °C. The temperature at the 
top of the specimen was maintained at 52 ± 1.5 °C during the drying process (section 
3.7.1.2). The drying stage was terminated when the vertical deformation of the specimen 
attained a constant value. After termination of the drying stage and before starting the 
next wetting stage, a duration of 24 hours was allowed for the temperature in the specimen 
to attain the room temperature. The vertical deformation at that stage was recorded prior 
to the commencement of the next wetting stage. During the freezing process, the 
temperature at the top of the specimens was lowered to -19 ± 0.5 °C and maintained for 
24 hours, whereas the thawing process occurred at the ambient laboratory temperature. 
No water was supplied to the specimens during the drying process. During the wetting 
process, the water table was kept at the top the specimens, whereas during freezing and 
thawing stages the water table was kept at the bottom of the specimens.  
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6.3 Test results and discussion 
The results of the cyclic WD tests with intermittent FT cycles for compacted 
specimens of Speswhite kaolin, Pegwell Bay soil and cement kiln dust are presented in 
Figures 6.1 to 6.9. The vertical deformation of the specimens at the end of each cycle and 
the vertical deformation of the specimen mould are shown in Figures 6.1a, 6.4a and 6.7a.  
As can be seen, for each material, a number of WD cycles were implemented along with 
three FT cycles for each case. A FT cycle was introduced at the end of a wetting cycle. 
At the end of a FT cycle, the specimens were subjected to a drying cycle prior to 
implementing the subsequent wetting cycle. The displacements of the specimen mould 
for each stage are shown in Figures 6.1a, 6.4a and 6.7a. Figures 6.1b, 6.4b and 6.7b show 
the equilibrium temperatures for each stage of the tests. The ambient laboratory 
temperatures during the tests are also shown in Figures 6.1b, 6.4b and 6.6b. Figures 6.2, 
6.5 and 6.8 show the temperature profiles in the specimens at the end of various cycles of 
drying, freezing and thawing. Figures 6.3, 6.6 and 6.9 show the elapsed time versus 
vertical deformation of the specimens for various wetting, drying, freezing and thawing 
cycles.  
Tables 6.1, 6.2 and 6.3 show the magnitudes of vertical deformation and vertical 
strain of the materials studied corresponding to various cycles of wetting, drying, freezing 
and thawing for Speswhite kaolin, Pegwell Bay soil and cement kiln dust respectively. 
The vertical strain of the specimens was calculated based on the change in the height of 
the specimen in any stage and the initial height of the compacted specimen (65 mm) and 
expressed as a percentage. This allowed interpreting the magnitude and location of 
movement bands of the specimens with an increasing number of WD and intermittent FT 
cycles.  
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A complete WD cycle in this test series is comprised of one wetting (W) and one 
drying (D) cycles. The intermittent freeze-thaw cycles are indicated as FT1, FT2 etc. The 
type of a movement band (uprising, descending) with increasing number of cycles 
depends upon the positions of the highest and the lowest deformations or strains with 
reference to the zero deformation or zero strain. The magnitude of a movement band is 
the difference in the magnitudes of the highest and lowest deformations or strains in that 
cycle. Figure 6.10 shows the vertical strain of the specimens with increasing number of 
WD and intermittent FT cycles. 
The response of the specimens to temperature and hydraulic boundary conditions 
was reflected on the changes in the height of the specimens in each stage of the tests. The 
positions of the thermocouples with respect to the top of the specimen changed during the 
tests. Therefore, for the sake of consistency in the presentation of the test results, the 
initial positions of the thermocouples (Section 3.7.1.1) were considered for presenting the 
temperature data.  
6.3.1 Temperature profiles 
It can be seen in Figures 6.1, 6.4 and 6.7 that the temperature at the top of the 
specimens and at the boundaries remained at room temperature during the wetting cycles. 
The temperature at the top of the specimens was increased to about + 52 °C during the 
drying cycles. In some drying cycles, the temperature at the top of the specimens was 
about 54 °C. During the freezing process, the temperature at the top of the specimens was 
lowered down to -19 °C, whereas the temperature of the specimens attained the ambient 
laboratory temperature during the thawing stages. The rise and fall of the temperature 
during the appropriate cycles were consistent indicating that the test set up and the 
accessories (the Vortex Tube assemblies) functioned efficiently during the tests.  
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Referring to Figures 6.1, 6.2, 6.4, 6.5, 6.7, and 6.8, the temperatures along the depth 
of the specimens at the end of the drying cycles were found to be lower than that of the 
applied temperature at the top of the specimens, as indicated by the readings of the 
thermocouples (TC1 to TC4). Similarly, the temperatures measured at various depths of 
the specimens for the freezing cycles remained higher (less negative) than that of the 
applied temperature at the top of the specimens. The differences in the temperatures along 
the depth of the specimens are attributed to the thermal conductivity of the materials 
which depends upon the volume-mass properties (water content and dry density). 
Differences in the temperature profiles of the specimens between various drying 
cycles can be noted in Figures 6.2a, 6.5a and 6.8a. In this case, the temperature at all 
salient depths generally decreased with an increase in the wet-dry cycle. For the same 
material, a decrease in the temperature for a given applied thermal gradient is associated 
with an increase in the porosity of the materials.  
The differences in the temperature profiles were also noted in case of the 
intermittent freezing cycles, particularly for the specimen of Speswhite kaolin (Figure 
6.2b). In this case, the temperature at all salient depths decreased (became more negative) 
as the number of intermittent freezing cycle increased. For the specimens of Pegwell Bay 
soil and cement kiln dust (Figures 6.5b and 6.8b), the temperature profiles for the 
intermittent freezing cycles did not exhibit any significant changes. The temperature at 
the end of thawing stages remained similar to that of the ambient laboratory temperature 
in all cases (Figures 6.2c, 6.5c and 6.8c). The test results showed that wet-dry cycles could 
result in an enhanced heat flow. Additionally, in a clay-rich soil (Speswhite kaolin) this 
can affect the temperature profile during the freezing process. 
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6.3.2 Vertical deformation and vertical strain 
For the specimen of Spewhite kaolinite, the upward and downward displacements 
of the specimen mould were noted during the wetting and drying cycles respectively 
(Figure 6.1a). The displacement of the specimen mould during the wetting and drying 
cycles for the tests on the specimens of Pegwell Bay soil and cement kiln dust was 
insignificant (Figures 6.4a and 6.7a). The upward and downward movements of the 
specimen mould occurred during the intermittent FT cycles for all tests (see Figures 6.1, 
6.4 and 6.7). The displacement of the specimen mould was anticipated as shown in the 
test results presented in chapters 3, 4, and 5. These movements did not leave any residual 
strain which indicated that there was not any loss of materials during the tests. 
The shapes of the elapsed time versus vertical deformation plots for the specimens 
during wetting, drying, freezing and thawing were found to be dissimilar (Figures 6.3, 6.6 
and 6.9). This primarily due to the different mechanisms associated with swelling, 
shrinkage, freezing and thawing processes. For any given process, the magnitude of 
deformation and the time required to attain equilibrium in terms of the vertical 
deformation were found to vary. In general, the magnitude of deformation decreased and 
the time to attain equilibrium was found to reduce with an increase in WD and intermittent 
FT cycles.  
6.3.2.1 Speswhite kaolin (Table 6.1 and Figures 6.1, 6.2, 6.3) 
For the specimen of Speswhite kaolin, with an increase in WD cycles, the vertical 
deformations slightly increased and then remained nearly constant. At equilibrium, the 
vertical deformation and the associated vertical strain due to wetting as well as due to 
drying were found to be about 5.4 mm and 8.3% respectively. The magnitude of frost 
heave  (= 23.5 mm) due to the introduction of a freezing stage in cycle FT1 and the 
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associated vertical strain (= 36.1%) were found to be greater than the values noted for the 
same specimen when it was subjected to a freezing process from compacted condition 
(see chapter 5, Table 5.3). Similarly, as compared to the magnitude of thaw settlement of 
the specimen in freeze-thaw test (chapter 5, Table 5.5), the thaw settlement of the 
specimen in the FT1 cycle was also found to be higher (13.8 mm and 21.2%). Following 
the FT1 cycle, the deformations during the wetting and drying cycles and the associated 
strains in cycles 4, 5, 6 and 7 were found to be destabilised; the deformations during the 
drying cycles were greater than that occurred during the wetting cycles. The FT2 cycle 
was implemented when the difference between the strains in wetting and drying cycles 
reduced to about less than 0.5%. The introduction of FT2 cycle did not influence the frost 
heave significantly (as compared to that occurred in cycle FT1), but the thaw settlement 
was found to increase significantly. The deformations and the associated vertical strains 
in further WD cycles after the  FT2 cycle were found to be decreased to about 3.0 mm 
and 4.5% respectively. The magnitude of frost heave and the vertical strain in cycle FT3 
were found to be similar to that occurred in cycle FT2.  
The test results clearly showed that WD cycles caused a decrease in the vertical 
strains associated with wetting and drying processes and an increase in the frost heave 
and thaw settlement of Speswhite kaolin. Intermittent FT cycles tend to destabilise the 
equilibrium strain that was achieved during the previous WD cycles; however, a new 
equilibrium in terms of vertical strain was attained by the material with an increasing 
number of WD cycles, but with a reduced equilibrium strain.  
6.3.2.2 Pegwell Bay soil (Table 6.2 and Figures 6.4, 6.5, 6.6) 
The vertical deformations of the specimen of Pegwell Bay soil during the wetting 
and drying cycles were found to be insignificant. The frost heave (= 15.4 mm) and the 
thaw settlement (= 13.3 mm) and the associated vertical strains due to the implementation 
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of cycle FT1 were found to be smaller than the values noted for the same specimen when 
it was subjected to a freeze-thaw cycle from compacted condition (see chapter 5, Tables 
5.3 and 5.5). Following the FT1 cycle, the deformations during the wetting and drying 
cycles and the associated strain in cycles 3, 4, and 5 were found to be destabilised; the 
deformations during the drying and wetting cycles were found to be dissimilar but 
remained less than 0.5%. The implementation of the FT2 cycle influenced both the frost 
heave and the thaw settlement significantly. Both frost heave and thaw settlement 
increased by about 1.5 fold (as compared to that occurred in cycle FT1). The deformations 
and the associated vertical strains in further WD cycles following the FT2 cycle were 
found to be similar to that occurred in earlier WD cycles. The magnitudes of frost heave 
and thaw settlement and the associated vertical strains in cycle FT3 were found to be 
increased as compared to that occurred in cycles FT1 and FT2.  
The test results clearly showed that WD cycles did not cause any appreciable 
volume change of Pegwell Bay soil, whereas the intermittent FT cycles caused an increase 
in the frost heave and thaw settlement of this material, similar to that occurred in case of 
Speswhite kaolin. 
6.3.2.3 Cement kiln dust (Table 6.3 and Figures 6.7, 6.8, 6.9) 
The vertical deformations of the specimen of cement kiln dust during the wetting 
and drying cycles were found to be insignificant. The frost heave (= 28 mm) and thaw 
settlement (= 27.5 mm) due to the implementation of cycle FT1 were found to be greater 
than the values noted for the same specimen when it was subjected to a freeze-thaw cycle 
from compacted condition (see chapter 5, Tables 5.3 and 5.5). Following the FT1 cycle, 
the deformations during the wetting and drying cycles and the associated strains in cycles 
4, 5, and 6 were found to be destabilised; the deformations during the drying and wetting 
cycles were found to be dissimilar but remained less than 0.5%. The FT2 cycle influenced 
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both the frost heave and the thaw settlement. Both frost heave and thaw settlement were 
found to be increased (as compared to that occurred in cycle FT1). The deformations and 
the associated vertical strains in further WD cycles after the FT2 cycle were found to be 
similar to that occurred in earlier WD cycles and remained less than 0.5%. The magnitude 
of frost heave and the vertical strain in cycle FT3 were found to be similar to that occurred 
in cycles FT1 and FT2.  
The test results clearly showed that WD cycles did not cause any appreciable 
volume change of cement kiln dust, whereas the intermittent FT cycles caused an increase 
in the frost heave and thaw settlement of this material, similar to that occurred in case of 
Speswhite kaolin and Pegwell Bay soil. 
Lin and Benson (2000) and Albrecht and Benson (2001) have shown that the 
hydraulic conductivity of compacted soils tends to increase after undergoing several WD 
cycles. Therefore, an increase in the frost heave and thaw settlement following WD cycles 
for the materials in this study is attributed to an increase in the hydraulic conductivity that 
caused the inflow of water and formation of ice lenses and a expulsion of water during 
the thawing process the amount of which were greater than that occurred in case of 
compacted specimens that were subjected to one cycle of freezing and thawing. 
During the commencements of thawing stages, additional heaves were noted for 
both the Speswhite kaolin and the cement kiln dust specimens, whereas no additional 
heave occurred in the Pegwell bay soil specimen (Figures 6.3d, 6.6d and 6.9d). The 
additional heave is associated with a decrease in effective stress resulting from the 
increase in pore-water pressure (Eigenbrod et al. 1996; Eigenbrod 1996).  
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6.3.3 Movement band 
The swell-shrink movement type associated with cyclic wet-dry processes in soils 
depends upon several factors, such as the applied pressure, shrinkage magnitude, 
compaction conditions and the type of material (Tripathy et al. 2002; Tripathy and Subba 
Rao 2009). A shifting of the vertical movement band in an upward direction with an 
increasing number of swell-shrink cycles (uprising movement) with or without any 
accumulation of plastic strain generally occurs under smaller applied pressures and partial 
shrinkage of soil specimens. A complete downward shift of the movement band 
(descending movement) occurs in case of higher applied pressures and full shrinkage 
conditions. The movement type in the case of geomaterials due to alternate freezing and 
thawing depends upon the initial density. Viklander (1998a) stated that a net increase in 
the void ratio of compacted soils occurs upon freeze-thaw processes due to changes in the 
particle rearrangements.  
Figure 6.10a shows that the WD and intermittent FT cycles caused uprising 
movement in case of all the three materials studied; however, the accumulation of plastic 
strain occurred in the cases of Pegwell Bay soil and cement kiln dust. For these cases, 
with an increase in WD cycles, the volumes of the specimens at the end of the drying 
cycles were found to greater than the initial volume. The equilibrium band movement (i.e. 
the difference in the magnitudes of strain corresponding to the end of wetting and drying 
cycles decreased from 8.5 to 4.8% in case of Speswhite kaolin, whereas in the other two 
materials the changes in the equilibrium WD band movement were insignificant. The 
band movement due to FT cycles was found to increase with an increase in the number 
of cycles for all three cases. 
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Fig. (6.1): (a) Vertical deformation and (b) temperature changes of Speswhite kaolin specimen with increasing WD and intermittent FT cycles 
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Fig. (6.2): Temperature profiles at the end of (a) drying, (b) freezing and (c) thawing stages with increasing WD and intermittent FT cycles for Speswhite kaolin 
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Fig. (6.3): Elapsed time versus vertical deformation in various cycles during (a) wetting, (b) drying, (c) freezing and (d) thawing of Speswhite kaolin specimen 
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Fig. (6.4): (a) Vertical deformation and (b) temperature changes of Pegwell Bay soil specimen with increasing WD and intermittent FT cycles  
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Fig. (6.5): Temperature profiles at the end of (a) drying, (b) freezing and (c) thawing stages with increasing WD and intermittent FT cycles for Pegwell Bay soil 
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Fig. (6.6): Elapsed time versus vertical deformation in various cycles during (a) wetting, (b) drying, (c) freezing and (d) thawing of Pegwell Bay soil 
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Fig. (6.7): (a) Vertical deformation and (b) temperature changes of cement kiln dust specimen with increasing WD and intermittent FT cycles  
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Fig. (6.8): Temperature profiles at the end of (a) drying, (b) freezing and (c) thawing stages with increasing WD and intermittent FT cycles for cement kiln dust 
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Fig. (6.9): Elapsed time versus vertical deformation in various cycles during (a) wetting, (b) drying, (c) freezing and (d) thawing of cement kiln dust 
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Table 6.1: Vertical deformation and vertical strain of compacted Speswhite kaolin 
with increasing wet-dry and intermittent freeze-thaw cycles 
Cycle 
Wetting  Drying Freezing Thawing 
Vertical 
deformation 
(mm) 
Vertical 
strain 
(%) 
Vertical 
deformation 
(mm) 
Vertical 
strain 
(%) 
Vertical 
deformation 
(mm) 
Vertical 
strain 
(%) 
Vertical 
deformation 
(mm) 
Vertical 
strain 
(%) 
1 +5.1 +7.9 -5.0 -7.7 -- -- -- -- 
2 +5.5 8.5 -5.6 -8.7 -- -- -- -- 
3 +5.5 +8.5 -5.6 -8.6 -- -- -- -- 
4 +5.4 +8.3 -- -- -- -- -- -- 
FT1 -- -- -- -- +23.5 +36.1 -13.8 -21.2 
4 -- -- -13.7 -21.1 -- -- -- -- 
5 +4.3 +6.6 -5.1 -7.8 -- -- -- -- 
6 +4.3 +6.5 -4.9 -7.5 -- -- -- -- 
7 +4.4 +6.8 -- -- -- -- -- -- 
FT2 -- -- -- -- +24.5 +37.6 -23.9 -36.7 
7 -- -- -5.3 -8.2 -- -- -- -- 
8 +3.1 +4.8 -3.0 -4.6 -- -- -- -- 
9 +3.0 +4.6 -2.9 -4.5 -- -- -- -- 
10 +2.9 +4.5 -- -- -- -- -- -- 
FT3 -- -- -- -- +24.4 +37.6 -24.5 -37.6 
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Table 6.2: Vertical deformation and vertical strain of compacted Pegwell Bay soil 
with increasing wet-dry and intermittent freeze-thaw cycles 
Cycle 
Wetting  Drying Freezing Thawing 
Vertical 
deformation 
(mm) 
Vertical 
strain 
(%) 
Vertical 
deformation 
(mm) 
Vertical 
strain 
(%) 
Vertical 
deformation 
(mm) 
Vertical 
strain 
(%) 
Vertical 
deformation 
(mm) 
Vertical 
strain 
(%) 
1 +0.0 +0.0 -0.0 -0.0 -- -- -- -- 
2 +0.0 +0.0 -0.0 -0.0 -- -- -- -- 
3 +0.0 +0.0 -- -- -- -- -- -- 
FT1 -- -- -- -- +15.4 +23.7 -13.3 -15.7 
3 -- -- -2.1 -3.2 -- -- -- -- 
4 +0.3 +0.5 -0.1 -0.2 -- -- -- -- 
5 +0.0 +0.0 -- -- -- -- -- -- 
FT2 -- -- -- -- +24.3 +37.4 -21.1 -32.5 
5 -- -- -1.4 -2.2 -- -- -- -- 
6 +0.3 +0.4 -0.1 -0.1 -- -- -- -- 
7 +0.0 +0.0 -- -- -- -- -- -- 
FT3 -- -- -- -- +24.9 +38.3 -24.7 -38.0 
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Table 6.3: Vertical deformation and vertical strain of compacted cement kiln dust 
with increasing wet-dry and intermittent freeze-thaw cycles 
Cycle 
Wetting Drying  Freezing Thawing 
Vertical 
deformation 
(mm) 
Vertical 
strain 
(%) 
Vertical 
deformation 
(mm) 
Vertical 
strain 
(%) 
Vertical 
deformation 
(mm) 
Vertical 
strain 
(%) 
Vertical 
deformation 
(mm) 
Vertical 
strain 
(%) 
1 +0.2 +0.3 -0.0 -0.0 -- -- -- -- 
2 0 0 -0.0 -0.0 -- -- -- -- 
3 +0.0 +0.0 -0.0 -0.0 -- -- -- -- 
4 +0.1 +0.1 -- -- -- -- -- -- 
FT1 -- -- -- -- +28.0 +43.1 -27.5 -42.3 
4 -- -- -0.7 -1.1 -- -- -- -- 
5 +0.2 +0.3 -0.0 -0.0 -- -- -- -- 
6 +0.1 +0.1 -- -- -- -- -- -- 
FT2 -- -- -- -- +29.1 +44.7 -27.8 -42.7 
6 -- -- -0.8 -1.2 -- -- -- -- 
7 +0.4 +0.7 -0.5 -0.7 -- -- -- -- 
8 +0.2 +0.3 -0.2 -0.3 -- -- -- -- 
9 +0.2 +0.3 -- -- -- -- -- -- 
FT3 -- -- -- -- +28.7 +44.1 -27.5 -42.3 
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Fig. (6.10): Vertical strain of (a) Speswhite kaolin, (b) Pegwell Bay soil and (c) cement 
kiln dust with increasing number of wet-dry and intermittent freeze-thaw cycles 
0
5
10
15
20
25
30
35
40
45
50
55
60
V
e
rt
ic
a
l 
s
tr
a
in
 (
%
)
Number of cycles
1             2 3         FT1           4            5            6          FT2           7            8            9          FT3 
a) Speswhite kaolin
0
5
10
15
20
25
30
35
40
45
50
55
60
V
e
rt
ic
a
l 
s
tr
a
in
 (
%
)
Number of cycles
b) Pegwell Bay soil
1             2 FT1          3            4          FT2          5            6          FT3   
0
5
10
15
20
25
30
35
40
45
50
55
60
V
e
rt
ic
a
l 
s
tr
a
in
 (
%
)
Number of cycles
c) Cement kiln dust
1             2 3         FT1           4            5          FT2           7            8            9          FT3   
Chapter six ...................... Effects of wet-dry and intermittent freeze-thaw cycles on volume change behaviour 
 ______________________________________________________________________  
182 
 
6.3.4 Segregation potential  
The elapsed time versus frost heave of the specimens of Speswhite kaolin, Pegwell 
Bay soil and cement kiln dust are shown in Figures 6.3c, 6.6c and 6.9c respectively. In 
all cases and for any cycle, a thermal steady state was reached after an elapsed time of 
400 min. Tables 6.4, 6.5 and 6.6 present the parameters that were derived from the frost 
heave results and the segregation potentials (SPt) of Speswhite kaolin, Pegwell Bay soil 
and cement kiln dust respectively.  
The frost heave rate (dh/dt) were calculated based on the frost heave (dh) and the 
elapsed time (dt) after the steady state. The values of velocity of arriving pore water (vφ) 
were calculated based on the heave rates and using Equation 2.6. The temperatures T1 
and T2 corresponding an elapsed time of 600 minutes were considered for calculating the 
temperature gradients (ΔTf) in the frozen fringe when the materials had reached a steady 
state condition. The values of T1 and T2 were obtained from the TC1 and TC4 data. The 
thickness of the specimens between the position of TC1 and TC4 in all cases was 59 mm. 
The segregation potential (SPt) for the materials were calculated based on Equation 2.7 
(Konrad and Morgenstern 1980, 1981, 1982)  
Table 6.4: Heave rate (dh/dt), velocity of water flow (vφ), thermal gradient (ΔTf) and 
segregation potential (SPt) of the compacted Speswhite kaolin 
FT 
cycle 
dh 
(mm) 
dt 
(min) 
dh/dt 
(mm/hr) 
vφ =  
(dh/dt)/1.09 
(mm/hr) 
T11 
(°C) 
T21 
(°C) 
t 
(mm) 
ΔTf =  
[(T1-T2)/t] 
(°C/mm) 
SPt = 
(vφ/ ΔTf) 
(mm2/°C.hr) 
          
1 5.22  1.04 0.96 -9.2 +4.2  0.23 4.20 
          
2 5.34 300 1.07 0.98 -11.6 +1.9 59.0 0.23 4.29 
          
3 11.14  2.23 2.04 -12.8 0  0.22 9.37 
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Table 6.5: Heave rate (dh/dt), thermal gradient (ΔTf) and the Segregation potential 
(SPt) of compacted Pegwell Bay soil specimen 
FT 
cycle 
dh 
(mm) 
dt 
(min) 
dh/dt 
(mm/hr) 
vφ =  
(dh/dt)/1.09 
(mm/hr) 
T11 
(°C) 
T21 
(°C) 
t 
(mm) 
ΔTf =  
[(T1-T2)/t] 
(°C/mm) 
SPt = 
(vφ/ ΔTf) 
(mm2/°C.hr) 
          
1 4.17  0.83 0.76 -12.2 +2.8  0.25 3.00 
          
2 11.14 300 2.23 2.04 -12.25 +2.4 59.0 0.25 8.22 
          
3 5.04  1.01 0.92 -13.3 +1.4  0.25 3.70 
          
 
Table 6.6: Heave rate (dh/dt), thermal gradient (ΔTf) and the segregation potential 
(SPt) of compacted cement kiln dust specimen 
FT 
cycle 
dh 
(mm) 
dt 
(min) 
dh/dt 
(mm/hr) 
vφ =  
(dh/dt)/1.09 
(mm/hr) 
T11 
(°C) 
T21 
(°C) 
t 
(mm) 
ΔTf =  
[(T1-T2)/t] 
(°C/mm) 
SPt = 
(vφ/ ΔTf) 
(mm2/°C.hr) 
          
1 5.37  1.07 0.98 -9.2 +4.5  0.23 4.25 
          
2 5.18 300 1.04 0.95 -11.5 +2.2 59.0 0.23 4.10 
          
3 4.89  0.98 0.90 -12.7 +0.6  0.23 3.95 
          
 
It can be seen in Tables 6.4 to 6.6 that in general, the frost heave rate (dh/dt), the 
velocity of water flow (vφ) and the segregation potential for the materials studied 
increased with increasing number of FT cycles. An increase in the segregation potential 
and the associated parameters are primarily due to the impact of WD cycles. As compared 
to the specimens that were subjected to one cycle of freeze-thaw (Table 5.4), the 
segregation potentials of specimens subjected to WD cycles were found be higher.   
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6.3.5 Water content  
The WD tests with intermittent FT cycles were terminated after implementing three 
FT cycles. The tests were terminated at the end of the last thawing stages in the last FT 
cycle for all specimens. The specimens were cut into three slices, and the water contents 
of the slices were measured by the oven-drying method. The water contents of the 
specimens are shown in Figure 6.11. For the sake of comparisons, the initial compaction 
water contents of the specimens are shown in Figure 6.11.  
It can be seen in Figure 6.11 that the variations of the water content along the depth 
of the specimens were not very significant and remained between 3 to 5% from top to 
bottom of the specimens. As compared to the initial water contents, the water contents of 
the specimens of Spewhite kaolin and Pegwell Bay soil were found to be higher, whereas 
the water content of the specimen of cement kiln dust remained nearly unchanged in the 
top parts but decreased towards the bottom part of the specimen. As compared to the 
specimens subjected to one cycle of freeze-thaw (Figure 5.14), the water contents of the 
specimens that were subjected to WD and FT cycles were found to be similar for the 
specimen of Speswhite kaolin, higher for Pegwell Bay soil and lower for the specimen of 
cement kiln dust. 
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Fig. (6.11): Water content profiles of the materials at the end of the tests 
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6.4 Concluding remarks 
This chapter presented the results of cyclic wet-dry tests on compacted specimens 
of Speswhite kaolin, Pegwell Bay soil and cement kiln dust. Intermittent freeze-thaw 
cycles were considered to study the effect of such actions on the volume change behaviour 
of the materials. The vertical deformations of the specimens with increasing number of 
cycles were measured. The temperature at various salient depths was monitored during 
the tests. The water content of the specimens at the end of the tests was measured. The 
following points emerged from the test results. 
1. Wet-dry cycles caused a decrease in the vertical strains associated with wetting 
and drying processes for Speswhite kaolin, whereas it did not cause any 
appreciable volume change of Pegwell Bay soil and cement kiln dust in which 
cases the measured vertical strains were less than about 0.5%. 
2. The deformation of the materials attained an equilibrium after several wet-dry 
cycles at which the magnitudes of strains during wetting and drying processes 
were found to be similar. The tests results agree well with the findings reported in 
the literature (Ring 1966; Basma et al. 1996; Tripathy and Subba Rao 2009) 
3. Intermittent freeze-thaw cycles destabilised the equilibrium strain that was 
achieved by the materials during the previous wet-dry cycles; however, a new 
equilibrium in terms of vertical strain was attained by the material with an 
increasing number of wet-dry cycles, but with a reduced equilibrium strain.  
4. Wet-dry cycles caused an increase in the frost heave and thaw settlement for all 
the materials studied indicating that the hydraulic conductivity increased due to 
exposure of the specimens to increasing number of wet-dry cycles. 
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5. The cyclic wet-dry and freeze-thaw processes affected the segregation potential 
of the materials. The segregation potential was found to increase for the specimens 
that were subjected previously to wet-dry cycles as compared to the specimens 
that underwent one freeze-thaw cycle. 
6. The water contents at the end of tests were found to be similar to the initial water 
content in case of the specimen of cement kiln dust, whereas higher water contents 
were noted for Speswhite kaolin and Pegwell Bay soil specimens. Differences in 
the water contents were also noted for specimens that were subjected to one cycle 
of freeze-thaw and that were subjected to wet-dry and intermittent freeze-thaw 
cycles. 
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CHAPTER 7 
Cyclic wet-freeze-thaw-dry tests on compacted 
specimens 
7.1 Introduction 
Compacted geomaterials may undergo numerous cycles of wetting, drying, freezing 
and thawing processes during their use in many civil engineering applications (roadways, 
railway formations, foundations etc.). The freezing, thawing, drying and wetting 
processes are driven by the climatic conditions. In temperate regions of the world, the 
geomaterials are often subjected to drying and wetting processes, whereas in the cold 
regions freezing and thawing processes are more common. In certain parts of the world, 
it may be expected that all of these processes are of significant interest.  
Considerable field and laboratory research works have been aimed at understanding 
the effects of cyclic wetting-drying on the volume change behaviour of various soils 
(Dasog et al. 1988; Day 1994; Al-Homoud et al. 1995; Basma et al. 1996; Rao et al. 2001; 
Tripathy et al. 2002; Subba Rao and Tripathy 2003; Alonso et al. 2005; Rao and 
Revanasiddappa 2006; Tripathy and Subba Rao 2009; Toll et al. 2016a, b; Rosenbalm 
and Zapata 2017) Similarly, several studies have focused on the cyclic freeze-thaw 
behaviour of soils (Chamberlain and Gow 1979; Chamberlain 1981a, b; Konrad 1989a; 
Konrad 1989d; Viklander 1998a, b; Wang et al. 2007; Qi et al. 2008; Hui and Ping 2009; 
Aldaood et al. 2014; Wang et al. 2016). Additionally, various studies have explored the 
effects of freezing-thawing beside wetting-drying on various properties of soils (Sillanpää 
and Webber 1961; Pardini et al. 1996; Gullà et al. 2006; Ahmed and Ugai 2011; Özbek 
2014; Diagne et al. 2015). Studies of the behaviour of geomaterials by subjecting the 
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materials to alternate wet-dry cycles or freeze-thaw cycles have enhanced the 
understanding of the volume change, shear strength and permeability. The changes in the 
volume of materials cause changes in the shear strength and permeability that in turn, 
influence the stability of structures founded on them. 
The objectives of this chapter were; (i) to study the one-dimensional volume change 
behaviour of the compacted Speswhite kaolin, Pegwell Bay soil and cement kiln dust with 
increasing number of wet-freeze-thaw-dry (WFTD) cycles, (ii) to explore the effects of 
WFTD cycles on the segregation potential of the materials and (iii) to study the effects of 
WFTD cycles on the water content of the materials. 
This chapter is presented in several sections. The experimental program (Test series 
IV; section 3.8) is recalled in section 7.2. Under test results and discussion (section 7.3), 
the experimental results and the analyses of the results of the cyclic WFTD tests on 
compacted specimens are presented. Section 7.3 presents the volume change the materials 
upon saturation, frost heave, settlement during thawing and deformation during the drying 
process with an increasing number of WFTD cycles. The temperature profiles with 
increasing number of WFTD are presented for freezing, thawing and drying processes. 
The volume-mass properties of the materials are also presented. The concluding remarks 
are presented in section 7.4. 
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7.2 Experimental program 
The experimental program and the experimental methods for testing the compacted 
specimens by subjecting them to cycles of wetting, freezing, thawing and drying are 
presented in detail in chapter 3 (Test series IV; section 3.8). Compacted specimens were 
prepared within the specimen mould (Figure 3.22) by statically compacting the chosen 
materials to the targeted dry densities at predetermined water contents. For each material, 
one compaction condition (dry density and water content) was chosen. Compaction of the 
specimens was carried out using a static compaction machine (Figure 3.22). Table 3.4 
shows the initial compaction conditions of the specimens tested. The diameter and height 
of the specimens were 103.5 and 65 mm respectively.  
The sequence of the climatic processes at any specific location is quite complex. 
The sequence usually involves an overlapping of various meteorological seasons. The 
sequence of the climatic processes adopted in this study was based on the climatic 
conditions applicable to the northern hemisphere which usually encounters four distinct 
seasons, such as winter (December, January and February), spring (March, April, May), 
summer (June, July August) and autumn (September, October and November). The 
duration of the seasons can have a significant impact on various geomaterials. The 
experimental program adopted in this study does not replicate the length of the seasons 
and are only laboratory-scale testing of materials with assumed temperature and hydraulic 
boundary conditions for predetermined periods of testing. 
The sequence of the climatic processes adopted was wetting (W), freezing (F), 
thawing (T) and drying (D).  One complete cycle was comprised of subjecting a specimen 
to all the processes (wetting, freezing, thawing and drying). The specimen was further 
subjected to several such cycles. The cyclic WFTD tests were carried out at an applied 
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vertical pressure of 2.0 kPa using the test set up shown in Figures 3.12 and 3.13. The 
details of the test set up are presented in section 3.7.1. The vertical deformation of the 
specimens during wetting, freezing, thawing and drying processes were measured at the 
top of the cooling/ heating chamber. Additionally, the vertical displacements of the 
specimen mould were measured during all stages of the tests. The temperature at the 
predetermined levels along the depth of the specimens were monitored during the tests.  
The wetting of the specimens were carried out at the room temperature until the 
deformation of the specimens was found to be stabilised. The supplied water to the 
specimens was at ambient laboratory temperature of 21 ± 2 °C. During the wetting 
process, the water table was kept at the top the specimens, whereas during freezing and 
thawing stages the water table was kept at the bottom of the specimens. No water was 
supplied to the specimens during the drying process. During the freezing process, the 
temperature at the top of the specimens was lowered to -19.5 ± 0.5 °C and maintained for 
24 hours, whereas the thawing process occurred at the ambient laboratory temperature. 
The temperature at the top of the specimen was maintained at 52 ± 1.5 °C during the 
drying process (section 3.7.1.2). The drying stage was terminated when the vertical 
deformation of the specimen attained a constant value. After termination of the drying 
stage and before starting the next wetting stage, a duration of 24 hours was allowed for 
the temperature in the specimen to attain the room temperature. The vertical deformation 
at that stage was recorded prior to the commencement of the next wetting stage. 
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7.3 Test results and discussion 
The results of the cyclic wet-freeze-thaw-dry (WFTD) tests on compacted 
specimens of Speswhite kaolin, Pegwell Bay soil and cement kiln dust are shown in 
Figures 7.1 to 7.9. Figures 7.1, 7.4 and 7.7 show the vertical deformation of the specimens 
as affected by the temperature and hydraulic boundary conditions with an increasing 
number of WFTD cycles. Figures 7.2, 7.5 and 7.8 show the temperature profiles in the 
specimens at the end of each stage and with increasing number of WFTD cycles. Figures 
7.3, 7.6 and 7.9 show the elapsed time versus vertical deformation of the specimens for 
various wetting, freezing, thawing and drying stages. The displacements of the specimen 
mould for each stage are shown in Figures 7.1a, 7.4a and 7.6a. Figures 7.1b, 7.4b and 
7.6b show the equilibrium temperatures for each stage of the tests. The ambient laboratory 
temperatures during the tests are also shown in Figures 7.1b, 7.4b and 7.6b.  
Tables 7.1, 7.2 and 7.3 show the magnitudes of vertical deformation and vertical 
strain of the materials studied corresponding to the termination of wetting, freezing, 
thawing and drying stages with an increasing number of WFTD cycles for Speswhite 
kaolin, Pegwell Bay soil and cement kiln dust respectively. The vertical strain of the 
specimens was calculated based on the change in the height of the specimen in any stage 
and the initial height of the compacted specimen (65 mm) and expressed as a percentage. 
This allowed interpreting the magnitude and location of movement bands of the 
specimens with an increasing number of WFTD cycles.  
A complete cycle is comprised of wetting, freezing, thawing and drying stages. The 
type of a movement band (uprising, descending) with increasing number of cycles 
depends upon the positions of the highest and the lowest deformations or strains with 
reference to the zero deformation or zero strain. The magnitude of a movement band is 
Chapter seven .............................................. Cyclic wet-freeze-thaw-dry tests on compacted specimens 
 ______________________________________________________________________  
193 
 
the difference in the magnitudes of the highest and lowest deformations or strains in that 
cycle. Figure 7.10 shows the vertical strain of the specimens with increasing number of 
WFTD cycles. 
The response of the specimens to temperature and hydraulic boundary conditions 
was reflected on the changes in the height of the specimens in each stage of the tests. The 
positions of the thermocouples with respect to the top of the specimen changed during the 
tests. Therefore, for the sake of consistency in the presentation of the test results, the 
initial positions of the thermocouples (Section 3.7.1.1) were considered.  
7.3.1 Temperature profiles 
It can be seen in Figures 7.1, 7.4 and 7.7 that the temperature at the top of the 
specimens was lowered down to -19 °C during the freezing stages, whereas the 
temperature during the drying stages was increased to +52 °C (see Figure 3.21; Test series 
IV). The temperature at the end of thawing and during the wetting stages was the ambient 
laboratory temperature. The ambient laboratory temperature was higher when the Pegwell 
Bay soil specimen was tested. The rise and fall of the temperature during the appropriate 
cycles were consistent indicating that the test set up and the accessories (the Vortex Tube 
assemblies) functioned efficiently during the tests.  
At the end of freezing stages, the temperature along the depth of the specimens was 
found to be different as indicated by the readings of the thermocouples (TC1 to TC4). For 
the specimen of Speswhite kaolin the temperature measured by TC1 was about -10 °C, 
whereas the temperature measured by TC4 was about +0.5 °C. For the specimen of 
Pegwell Bay soil, the temperature measured by TC1 was about -10 °C, whereas the 
temperature measured by TC4 was about 0 °C. Similarly, for the specimen of cement kiln 
dust, the temperature measured by TC1 was about -6 °C, whereas that measured by TC4 
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was about 0 °C. The temperature at the end of drying stages were also found to different 
along the depth of the specimens. For the specimen of Speswhite kaolin, the temperature 
measured by TC1 was about +48 °C, whereas that measured by TC4 was about +41 °C. 
For the specimen of Pegwell Bay soil, the temperature measured by TC1 was about +51 
°C, whereas that measured by TC4 was about 44 °C. Similarly, for the specimen of 
cement kiln dust, the temperature measured by TC1 was about +46  °C, whereas that 
measured by TC4 was about 38 °C. The differences in the temperatures along the depth 
of the specimens are attributed to the thermal conductivity of the materials. 
The temperature profiles shown in Figures 7.2, 7.4 and 7.6 show that there were no 
significant differences in the profiles for each stage and with increasing number of cycles, 
except in the thawing stages in which case, the temperature was affected due to a 
fluctuation of the ambient laboratory temperature. Based on the temperature profiles, it 
can be stated that the differences in the volume change behaviour of the materials on 
account of the cyclic wet-freeze-thaw-dry processes are the responses of the materials to 
the thermal and hydraulic boundary conditions adopted in this investigation.  
7.3.2 Vertical deformation and vertical strain 
The upward movement of the specimen mould during the freezing stages and the 
downward movement of it during the thawing stages (see Figures 7.1, 7.4 and 7.7) were 
anticipated as shown in the test results presented in chapters 3, 4, 5 and 6. These 
movements did not leave any residual strain which indicated that there was not any loss 
of materials during the tests. 
The shapes of the elapsed time versus vertical deformation plots for the specimens 
during wetting, freezing, thawing and drying were found to be dissimilar (Figures 7.3, 7.6 
and 7.9). The mechanisms of swelling in geomaterials are associated with the hydration 
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and osmotic effects, whereas the mechanisms of volume decrease upon drying are 
associated with an increase in matric suction. The shapes of wetting and drying plots can 
also be considered to be affected by the temperature during the tests since both occur at 
different temperatures. For any cycle, the magnitudes of deformation of the materials due 
to the wetting process were found to be lesser than the magnitudes of deformation due to 
the drying process (Tables 7.1 to 7.3). Similarly, the frost heave is associated with the 
density effects of fluids (water and ice) and the formation of ice lenses, whereas the thaw 
settlement is associated with the dissipation of pore water pressure, both are impacted by 
the permeability of the materials. For any cycle, the magnitudes of frost heave of the 
materials were found to be greater than the magnitudes of thaw settlement (Table 7.1 to 
7.3). 
During the commencements of thawing stages, additional heave was noted for all 
the materials studied. The additional heave is associated with a decrease in effective stress 
resulting from the increase in pore-water pressure (Eigenbrod et al. 1996; Eigenbrod 
1996). The time required to attain an equilibrium in terms of vertical deformation in 
thawing stages decreased with an increase in the number of cycles.  
Since the overburden pressure in the WFTD cycles test is only 2 kPa, a vertical 
displacement occurred during drying stages and disappeared when the specimen reached 
to the room temperature, as shown in Figure 7.3d. The thermal expansion during the 
cycles varied from  0.3 mm to 0.9 mm, that might be attributed to the temperature lost 
during the transition stage (last 24 hour of drying) and the change in dry density of 
specimen during WFTD cycles. 
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7.3.3 Movement band 
From the test results presented in Figures 7.1 to 7.9 and Tables 7.1 to 7.3 for the 
three materials considered in this study some specific features can be noted. As compared 
to the vertical strains observed in the first wetting cycles, the vertical strain generally 
decreased for Speswhite kaolin, whereas it increased and decreased for the specimens of 
Pegwell Bay soil and cement kiln dust. The vertical strain of all the materials firstly 
increased and then decreased with an increasing number of freezing cycles, whereas it 
increased for the thawing cycles and decreased for the drying cycles. This resulted in an 
accumulation of vertical strain in the specimens which in turn, caused a shifting of the 
movement band in an upward direction as shown in Figures 7.1, 7.4, 7.7 and 7.10.  
Tripathy et al. (2002) and Tripathy and Subba Rao (2009) have shown that the 
movement type accompanied by a shifting of the movement band in an upward direction 
with an increasing number of swell-shrink cycles (uprising movement) is associated with 
smaller applied pressures and partial shrinkage of soil specimens, whereas there may be 
a complete downward shift of the movement band (descending movement) in case of 
higher applied pressures and full shrinkage conditions. The movement type in the case of 
geomaterials due to alternate freezing and thawing depends upon the initial density. 
Viklander (1998a) stated that a net increase in the void ratio of compacted soils occurs 
upon freeze-thaw processes due to changes in the particle rearrangements. The uprising 
movement is shown by all the materials in this study (Figure 7.10) is attributed to the 
small magnitude of applied pressure during the tests and the combination of freeze-thaw 
and dry-wet processes.  
Studies in the past have shown that soils subjected to wet-dry or freeze-thaw cycles 
attain an equilibrium condition after about four cycles (Ring 1966; Basma et al. 1996; 
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Tripathy and Subba Rao 2009; Konrad 1989b; Viklander and Eigenbrod 2000). The 
magnitudes of vertical strains during wetting and drying or freezing and thawing become 
similar once the equilibrium condition is attained for a given pattern of wet-dry or freeze-
thaw cycles. The vertical strain in each stage (i.e. wetting, freezing, thawing and drying) 
stabilised after about three WFTD cycles for the all the materials studied (Figure 7.10). 
The movement band encompassing strains corresponding to wetting, freezing, thawing 
and drying was nearly repeatable after three cycles. The equilibrium band movement (i.e. 
the difference in the magnitudes of strain corresponding to the frost heave and that at the 
end of a drying cycle) for Speswhite kaolin, Pegwell Bay soil and cement kiln dust were 
found to be about 28.9, 37.7 and 41.4%  respectively. 
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Fig. (7. 1): (a) Vertical deformation and (b) temperature change of Speswhite kaolin specimen with increasing of WFTD cycles 
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Fig. (7.2): Temperature profiles at the end of (a) freezing, (b) thawing and (c) drying stages with increasing number of WFTD cycles for Speswhite kaolin 
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Fig. (7.3): Elapsed time versus vertical deformation for various cycles during (a) wetting, (b) freezing, (c) thawing and (d) drying of Speswhite kaolin specimen 
-0.5
0
0.5
1
1.5
2
2.5
3
3.5
4
4.5
5
5.5
6
0 10 20 30 40 50 60 70 80 90 100 110 120 130 140 150
V
e
rt
ic
l 
d
e
fo
rm
a
ti
o
n
 (
m
m
)
Elapsed time (hours)
Cycle 1
Cycle 2
Cycle 4
Cycle 5
Cycle 6
0
5
10
15
20
25
30
0 250 500 750 1000 1250 1500
V
e
rt
ic
l 
d
e
fo
rm
a
ti
o
n
 (
m
m
)
Elapsed time (minutes)
Cycle 1
Cycle 2
Cycle 4
Cycle 5
Cycle 6
(b)
-15
-10
-5
0
0 250 500 750 1000 1250 1500
V
e
rt
ic
l 
d
e
fo
rm
a
ti
o
n
 (
m
m
)
Elapsed time (minutes)
Cycle 1
Cycle 2
Cycle 4
Cycle 5
Cycle 6
(c)
0
0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9
1
0 25 50 75 100 125 150
-20
-18
-16
-14
-12
-10
-8
-6
-4
-2
0
0 50 100 150 200 250 300 350 400 450 500 550
V
e
rt
ic
l 
d
e
fo
rm
a
ti
o
n
 (
m
m
)
Elapsed time (hours)
Cycle 1
Cycle 2
Cycle 3
Cycle 4
Cycle 5
(d)
-1.5
-1
-0.5
0
0 5 10 15 20 25
  
 
 
 
2
0
1
 
 
 
Fig. (7.4): (a) Vertical deformation and (b) temperature change of Pegwell Bay soil specimen with increasing of WFTD cycles  
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Fig. (7. 5): Temperature profiles at the end of (a) freezing, (b) thawing and (c) drying stages with increasing number of WFTD cycles for Pegwell Bay soil 
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Fig. (7.6): Elapsed time versus vertical deformation for various cycles during (a) wetting, (b) freezing, (c) thawing and (d) drying of Pegwell Bay soil 
0
0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9
1
0 10 20 30 40 50 60 70 80
V
e
rt
ic
l 
d
e
fo
rm
a
ti
o
n
 (
m
m
)
Elapsed time (hours)
Cycle 1
Cycle 2
Cycle 4
Cycle 5
Cycle 6
(a)
0
5
10
15
20
25
30
0 250 500 750 1000 1250 1500
V
e
rt
ic
l 
d
e
fo
rm
a
ti
o
n
 (
m
m
)
Elapsed time (minutes)
Cycle 1
Cycle 2
Cycle 4
Cycle 5
Cycle 6
(b)
-25
-20
-15
-10
-5
0
0 250 500 750 1000 1250 1500
V
e
rt
ic
l 
d
e
fo
rm
a
ti
o
n
 (
m
m
)
Elapsed time (minutes)
Cycle 1
Cycle 2
Cycle 4
Cycle 5
Cycle 6
(c)
0
0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9
1
0 25 50 75
-4
-3.5
-3
-2.5
-2
-1.5
-1
-0.5
0
0.5
1
0 50 100 150 200 250 300 350 400
V
e
rt
ic
l 
d
e
fo
rm
a
ti
o
n
 (
m
m
)
Elapsed time (hours)
Cycle 1
Cycle 2
Cycle 3
Cycle 4
Cycle 5
(d)
  
 
 
 
2
0
4
 
 
 
Fig. (7.7): (a) Vertical deformation and (b) temperature change of cement kiln dust specimen with increasing of WFTD cycles  
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Fig. (7.8): Temperature profiles at the end of (a) freezing, (b) thawing and (c) drying stages with increasing number of WFTD cycles for cement kiln dust 
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Fig. (7.9): Elapsed time versus vertical deformation for various cycles during (a) wetting, (b) freezing, (c) thawing and (d) drying of cement kiln dust 
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Table 7.1: Vertical deformation and vertical strain of compacted Speswhite kaolin 
with increasing WFTD cycles 
Cycle 
Wetting Freezing Thawing Drying 
Vertical 
deformation 
(mm) 
Vertical 
strain 
(%) 
Vertical 
deformation 
(mm) 
Vertical 
strain 
(%) 
Vertical 
deformation 
(mm) 
Vertical 
strain 
(%) 
Vertical 
deformation 
(mm) 
Vertical 
strain 
(%) 
1 +5.0 +7.7 +20.5 +31.5 -7.5 -11.5 -9.8 -15.1 
2 +0.8 +1.2 +23.8 +36.6 -7.8 -12.0 -9.0 -13.8 
3 +0.0 +0.0 +19.7 +30.3 -11.8 -18.2 -8.5 -13.1 
4 +0.0 +0.0 +19.3 +29.7 -11.3 -17.4 -8.1 -12.5 
5 +0.0 +0.0 +18.9 +29.1 -10.9 -16.8 -7.9 -12.2 
6 +0.3 +0.5 +19.6 +30.2 -11.8 -18.2 -- -- 
 
        
 
Table 7.2: Vertical deformation and vertical strain of compacted Pegwell Bay soil 
with increasing WFTD cycles 
Cycle 
Wetting Freezing Thawing Drying 
Vertical 
deformation 
(mm) 
Vertical 
strain 
(%) 
Vertical 
deformation 
(mm) 
Vertical 
strain 
(%) 
Vertical 
deformation 
(mm) 
Vertical 
strain 
(%) 
Vertical 
deformation 
(mm) 
Vertical 
strain 
(%) 
1 +0.1 +0.2 +21.7 +33.4 -17.7 -27.2 -1.6 -2.5 
2 +0.2 +0.3 +25.5 +39.2 -22.3 -34.3 -2.3 -3.5 
3 +0.2 +0.3 +23.1 +35.5 -20.6 -31.7 -2.3 -3.5 
4 +0.2 +0.3 +23.5 +36.2 -22.0 -33.8 -2.2 -3.4 
5 +0.1 +0.2 +24.4 +37.5 -22.7 -34.9 -1.8 -2.8 
6 +0.1 +0.2 +24.1 +37.1 -22.0 -33.8 -- -- 
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Table 7.3: Vertical deformation and vertical strain of compacted cement kiln dust 
with increasing WFTD cycles 
Cycle 
Wetting Freezing Thawing Drying 
Vertical 
deformation 
(mm) 
Vertical 
strain 
(%) 
Vertical 
deformation 
(mm) 
Vertical 
strain 
(%) 
Vertical 
deformation 
(mm) 
Vertical 
strain 
(%) 
Vertical 
deformation 
(mm) 
Vertical 
strain 
(%) 
1 +0.2 +0.3 +23.7 +36.5 -21.8 -33.5 -0.8 -1.2 
2 +0.2 +0.3 +27.9 +42.9 -25.8 -39.7 -0.7 -1.1 
3 +0.2 +0.3 +26.5 +40.8 -24.9 -38.3 -1.1 -1.7 
4 +0.2 +0.3 +28.9 +44.5 -24.9 -38.3 -0.8 -1.2 
5 +0.1 +0.2 +26.8 +41.2 -26.6 -40.9 -0.8 -1.2 
6 +0.1 +0.2 +27.3 +42.0 -26.1 -40.2 -1.1 -1.7 
7 +0.3 +0.5 +26.7 +41.1 -25.7 -39.5 -1.2 -1.8 
8 +0.1 +0.2 +27.3 +42.0 -26.0 -40.0 -- -- 
         
 
 
Fig. (7.10). Vertical strain of the materials with increasing number of WFTD cycles 
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 At equilibrium, the vertical strains corresponding to wetting, freezing, thawing 
and drying stages were found to be dissimilar (Tables 7.1 to 7.3). The sum of vertical 
strains during wetting and freezing processes were found to be nearly equal to the sum of 
vertical strains occurred during thawing and drying processes.  
7.3.4 Segregation potential  
The elapsed time versus frost heave of the specimens of Speswhite kaolin, Pegwell 
Bay soil and cement kiln dust are shown in Figures 7.3b, 7.6b and 7.9b respectively. In 
all cases and for any cycle, a thermal steady state was reached after an elapsed time of 
400 min. Tables 7.4, 7.5 and 7.6 present the parameters that were derived from the frost 
heave results and the segregation potentials (SPt) of Speswhite kaolin, Pegwell Bay soil 
and cement kiln dust respectively.  
The frost heave rate (dh/dt) were calculated based on the frost heave (dh) and the 
elapsed time (dt) after the steady state. The values of velocity of arriving pore water (vφ) 
were calculated based on the heave rates and using Equation 2.6. The temperatures T1 
and T2 corresponding an elapsed time of 600 minutes were considered for calculating the 
temperature gradients (ΔTf) in the frozen fringe when the materials had reached a steady 
state condition. The values of T1 and T2 were obtained from the TC1 and TC4 data. The 
thickness of the specimens between the position of TC1 and TC4 in all cases was 59 mm. 
The segregation potential (SPt) for the materials were calculated based on Equation 2.7 
(Konrad and Morgenstern 1980, 1981, 1982) 
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Table 7.4: Heave rate (dh/dt), velocity of water flow (vφ), thermal gradient (ΔTf) and 
segregation potential (SPt) of the compacted Speswhite kaolin during the 
freezing stages of WFTD cycles 
WFTD 
Cycle 
dh 
(mm) 
dt 
(min) 
dh/dt 
(mm/hr) 
vφ =  
(dh/dt)/1.09 
(mm/hr) 
T11 
(°C) 
T21 
(°C) 
t 
(mm) 
ΔTf =  
[(T1-T2)/t] 
(°C/mm) 
SPt = 
(vφ/ ΔTf) 
(mm2/°C.hr) 
          
1 3.76  0.75 0.69 -7.2 +4.3  0.22 3.17 
          
2 4.71  0.94 0.86 -8.1 +4.2  0.21 4.14 
          
3 4.59  0.92 0.84 -7.8 +4.4  0.21 4.08 
  300     59.0   
4 4.56  0.91 0.84 -7.7 +5.6  0.23 3.71 
          
5 4.63  0.93 0.85 -7.1 +6.5  0.23 3.69 
          
6 4.53  0.91 0.83 -9.1 +4.4  0.23 3.64 
          
 
Table 7.5: Total Frost heave, Heave rate (dh/dt), thermal gradient (ΔTf) and the 
Segregation potential (SPt) of compacted Pegwell Bay soil during the 
freezing stages of WFTD cycles 
WFTD 
Cycle 
dh 
(mm) 
dt 
(min) 
dh/dt 
(mm/hr) 
vφ =  
(dh/dt)/1.09 
(mm/hr) 
T11 
(°C) 
T21 
(°C) 
t 
(mm) 
ΔTf =  
[(T1-T2)/t] 
(°C/mm) 
SPt = 
(vφ/ ΔTf) 
(mm2/°C.hr) 
          
1 5.31  1.06 0.97 -11.2 +2.4  0.23 4.22 
          
2 5.08  1.02 0.93 -9.7 +4.3  0.24 3.92 
          
3 5.04  1.01 0.92 -8.9 +5.3  0.24 3.85 
  300     59.0   
4 4.96  0.99 0.91 -9.6 +4.6  0.24 3.79 
          
5 4.69  0.94 0.86 -8.4 +5.2  0.23 3.75 
          
6 4.46  0.89 0.82 -8.4 +4.6  0.22 3.72 
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Table 7.6: Total Frost heave, Heave rate (dh/dt), thermal gradient (ΔTf) and the 
Segregation potential (SPt) of Cement kiln dust during the freezing stages 
of WFTD cycles 
WFTD 
Cycle 
dh 
(mm) 
dt 
(min) 
dh/dt 
(mm/hr) 
vφ =  
(dh/dt)/1.09 
(mm/hr) 
T11 
(°C) 
T21 
(°C) 
t 
(mm) 
ΔTf =  
[(T1-T2)/t] 
(°C/mm) 
SPt = 
(vφ/ ΔTf) 
(mm2/°C.hr) 
          
1 4.32  0.86 0.79 -7.1 +7.7  0.25 3.16 
          
2 5.35  1.07 0.98 -8.2 +5.5  0.23 4.22 
          
3 4.36  0.87 0.80 -6.8 +5.6  0.21 3.80 
          
4 5.55  1.11 1.02 -6.8 +6.5  0.23 4.51 
  300     59.0   
5 4.90  0.98 0.90 -6.5 +6.6  0.22 4.06 
          
6 5.27  1.05 0.97 -5.7 +7.8  0.23 4.22 
          
7 4.99  1.00 0.91 -5.7 +7.0  0.22 4.25 
          
8 5.33  1.07 0.98 -5.2 +8.1  0.23 4.33 
          
It can be seen in Tables 7.4 to 7.6 that the frost heave rate (dh/dt) and the velocity 
of water flow (vφ) of Speswhite kaolin were generally smaller than that of the other two 
materials. In general, the segregation potential increased and then decreased as it occurred 
for the frost heave. The values of (dh/dt), vφ, ΔTf and SPt were found to be similar for 
Pegwell Bay soil and cement kiln dust.  
7.3.5 Water content  
The cyclic WFTD tests were terminated after the equilibrium was attained in terms 
of the movement band in which case the combined strains during wetting and freezing 
processes were equal to the combined strains due to thawing and drying processes. The 
tests were terminated at the end of thawing stages in cycle 6 for the specimens of 
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Speswhite kaolin and Pegwell Bay soil and at the end of cycle 8 for the specimen of 
cement kiln dust. The specimens were cut into three slices, and the water contents of the 
slices were measured by the oven-drying method. Figure 7.11 shows the water contents 
of the specimens. For the sake of comparisons, the initial compaction water contents of 
the specimens are shown in Figure 7.11.  
It can be seen in Figure 7.11 that the variations of the water content along the depth 
of the specimens were not very significant. As compared to due to the initial water 
contents, the water contents of the specimens of Spewhite kaolin and Pegwell Bay soil 
were found to be greater, whereas the water content of the specimens of cement kiln dust 
remained nearly unchanged. The water contents of the specimens were found to be lesser 
than that occurred for the specimens subjected to one cycle of freeze-thaw (chapter 5). 
 
Fig. (7.11): Water content profiles at the end of the cyclic WFTD tests  
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7.4 Concluding remarks 
This chapter presented the cyclic wet-freeze-thaw-dry test results of compacted 
specimens of Speswhite kaolin, Pegwell Bay soil and cement kiln dust. The vertical 
deformations of the specimens with increasing number of WFTD cycles were measured. 
The temperature at various salient depths was monitored during the tests. The water 
content of the specimens at the end of the tests was measured. The following points 
emerged from the test results. 
1. The shapes of elapsed time versus vertical deformation of the materials during 
wetting, freezing, thawing and drying were found to be dissimilar. The differences 
in the shapes of the time versus vertical deformation plots for various climatic 
processes are attributed to the differences in the mechanisms governing swelling, 
freezing, thawing and drying processes. 
2. For any given cycle, the magnitudes of deformation of the materials due to the 
wetting process were found to be lesser than the magnitudes of deformation due 
to the drying process. Similarly, the magnitudes of frost heave of the materials 
were found to be greater than the magnitudes of thaw settlement. This resulted in 
an accumulation of vertical strain in the specimens which in turn, caused a shifting 
of the movement band of the specimens in an upward direction. The specimens 
exhibited an uprising movement with an increasing WFTD cycles.  
3. The vertical strain in each stage (i.e. wetting, freezing, thawing and drying) were 
found to be dissimilar but stabilized after about three WFTD cycles for the 
materials studied. The movement band encompassing strains corresponding to 
wetting, freezing, thawing and drying was found to be nearly repeatable after three 
cycles. The sum of vertical strains during wetting and freezing processes were 
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found to be nearly equal to the sum of vertical strains occurred during thawing 
and drying processes. The equilibrium band movement (i.e. the difference in the 
magnitudes of strain corresponding to the frost heave and that at the end of a 
drying cycle) for Speswhite kaolin, Pegwell Bay soil and cement kiln dust were 
found to be about 28.9, 37.7 and 41.4% respectively. 
4. The cyclic WFTD processes affected the segregation potential of the materials. 
The segregation potential of Speswhite kaolin was found to be smaller than 
Pegwell Bay soil and cement kiln dust. In general, the segregation potential 
increased and then decreased as it occurred for the frost heave with an increasing 
number of WFTD cycles. 
5. The impact of an increase in the WFTD cycles was found to decrease the water 
content of the materials.  
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CHAPTER 8 
Conclusions 
 
Soils and various geomaterials (mixtures of soil and various industrial wastes and 
admixtures) are being used in many civil engineering applications (roadways, railway 
formations, foundations etc.). These materials may undergo numerous cycles of wetting, 
drying, freezing and thawing processes during their use. The freezing, thawing, drying 
and wetting processes are driven by the climatic conditions. The aim of this thesis was to 
study the one-dimensional volume change behaviour of geomaterials when subjected to 
various climatic processes.  
Three different materials were used in the investigation (Speswhite kaolin, Pegwell 
Bay soil, and a cement kiln dust). The physical and chemical properties of the materials 
were determined following the standard laboratory procedures prior to carrying out the 
main tests. The materials used contained a significant amount of fine fractions. The 
percentages of silt- and clay-size fractions in the materials were greater than 90%. The 
properties of the materials were found to be different in terms of the plasticity properties, 
compaction and compressibility characteristics.  
The laboratory tests were carried out using a specialised column cell test set up that 
enabled carrying out freezing, thawing, drying and wetting tests at a nominal pressure of 
2 kPa. Vortex Tube assemblies in conjunction with compressed air supply were used to 
implement freezing and drying front at the top of cylindrical specimens (105 mm dia and 
Chapter eight ............................................................................................................................ Conclusions 
 ____________________________________________________________________________  
216 
65 mm high) of the chosen materials. Using the Vortex Tubes and with appropriate 
accessories (generators), the temperature at the top of the specimens was lowered down 
to about – 19 °C during the freezing process, whereas the temperature was raised to about 
+ 52 °C during the drying process. The temperature during thawing and wetting processes 
occurred at the ambient laboratory temperature. The water level was at the base of the 
specimens during freezing and thawing process, whereas it was maintained at the top of 
the specimens during the wetting process. No water was supplied to the specimens in the 
drying tests. The vertical deformation of the specimens and the temperature at selected 
depths were monitored during the tests.  
Four series of tests were carried out on the selected materials. In test series I, 
initially saturated slurried specimens were subjected to freezing and thawing processes 
(Chapter 4). Similarly, compacted specimens of the materials were subjected to freezing 
and thawing processes in Test series II (Chapter 5). In Test series III (Chapter 6), 
compacted specimens were first subjected to wet-dry cycles until an equilibrium was 
reached in terms of the vertical strain and then, the specimens were subjected to a freeze-
thaw cycle. The wet-dry cycles and the intermittent freeze-thaw cycles were then 
repeated. In Test series IV (Chapter 7), compacted specimens were subjected to an 
increasing number of wet-freeze-thaw-dry cycles.  
The vertical strains of specimens corresponding to wetting, freezing, thawing and 
drying processes were calculated based on the vertical deformation measurements. Based 
on the frost heave during the freezing process and the temperature profiles, the 
segregation potential was calculated. The water contents of the specimens at selected 
stages of the tests were determined. The test results allowed comparing the vertical strains 
of the materials for given conditions of testing. Additionally, for any given material the 
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changes in the strain with an increasing number of wet-dry cycles, freeze-thaw cycles and 
wet-freeze-thaw-dry cycles were studied.   
Based on the findings reported in this thesis, the following conclusions were drawn. 
Test set up 
1. The test setup used in this investigation facilitated implementing the wetting, 
freezing, thawing and drying processes and carrying out the required tests on the 
chosen materials. Specimens were not required to be dismantled for 
implementing any of the processes. Therefore, there was a smooth transition 
between the various processes adopted. A major limitation of the test up is that 
the current design does not allow testing materials at higher applied stresses.  
Properties of the materials used  
2. The values of liquid limit, plastic limit and shrinkage limit of the cement kiln dust 
used were found to be lower than that of Spewhite kaolin, whereas the maximum 
dry density and optimum water content values from compaction tests of these two 
materials were found to be similar. As per the USCS, Speswhite kaolin, Pegwell 
Bay soil and cement kiln dust were classified as CH, CL and ML respectively. 
Based on the compressibility test results of the materials at an applied pressure 
of 2 kPa, the coefficient of permeability of Pegwell Bay soil and cement kiln dust 
was found to be similar (10-8 m/s), whereas that of Speswhite kaolin was an order 
of magnitude lower (10-9 m/s).   
3. The compressibility behaviour of the materials at smaller applied pressures 
remained in the order according to the liquid limit values of the materials. The 
pressure-void ratio plot of Speswhite remained higher followed by cement kiln 
dust and Pegwell Bay soil. However, at an applied vertical pressure greater than 
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about 80 kPa, the cement kiln dust exhibited a lesser volumetric deformation than 
Speswhite kaolin. A lesser volumetric response of cement kiln dust as compared 
to Speswhite kaolin is attributed to the effect of the cement phase reaction which 
formed bonding between the particles of cement kiln dust thereby offering a 
greater resistance to compression. 
Wetting under seating pressure 
4. Under an applied nominal vertical pressure of 2 kPa, the swelling strain of 
compacted specimen of Speswhite kaolin was about 7.5%, whereas very minor 
swelling strains were exhibited by the specimens of Pegwell Bay soil (0.15%) 
and cement kiln dust (0.30%). A higher swelling strain exhibited by Speswhite 
kaolin is on account of a greater specific surface of the clay and the physico-
chemical interaction between the clay particles and the pore fluid.  
Cyclic wet-dry effects on volume change 
5. An increase in wet-dry cycles caused a decrease in the swelling and shrinkage 
stains (as compared to that occurred in the first wetting and drying cycles) of 
compacted Speswhite kaolin. An equilibrium in terms of the vertical strain was 
attained after about three wet-dry cycles at which, the magnitudes of swelling and 
shrinkage strain were found to be similar. The tests results agree well with the 
findings reported in the literature. The effects of wet-dry cycles did not alter the 
volume change behaviour of Pegwell Bay soil and cement kiln dust; in both cases, 
the swelling and shrinkage strains remained less than 0.5% with an increasing 
number of wet-dry cycles.  
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6. For the materials subjected several wet-dry cycles, an intermittent freeze-thaw 
cycle destabilised the equilibrium strain that was achieved by the materials during 
the previous wet-dry cycles; however, a new equilibrium in terms of vertical 
strain was attained by the materials with an increasing number of wet-dry cycles, 
but with a reduced equilibrium strain. 
Frost heave and thaw settlement 
7. The materials studied exhibited frost heave of different magnitudes in response 
to a freezing front at the top surface and a hydraulic front at the opposite end. For 
a freezing process of 24 hours, initially saturated slurried specimen of Speswhite 
kaolin exhibited a greater frost heave than the compacted specimen of the same 
material, whereas the frost heave values of compacted specimens of Pegwell Bay 
soil and cement kiln dust were found to be distinctly greater than that exhibited 
by the initially saturated slurried specimens of the same materials. The higher 
frost susceptibility of compacted materials as compared to initially saturated 
slurried materials was well supported by the higher values of the calculated 
segregation potential and increased the water content of the materials. The water 
content increase was found to mainly towards the hydraulic front which enabled 
the formation of ice lenses within the materials. 
8. For initially saturated slurried materials, the magnitude of thaw settlement of 
Speswhite kaolin was the greatest among the three materials, whereas, for 
compacted saturated materials, the magnitude of thaw settlement of Speswhite 
kaolin was the least among the three materials. The differences in thaw 
settlements are primarily due to the differences in the permeability of the 
materials. 
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9. The materials used with a history of several wet-dry cycles and upon subjected 
to freeze-thaw cycles exhibited a greater frost heave, a higher segregation 
potential and a greater magnitude of thaw settlement as compared to the same 
materials but without a history of wet-dry cycles. The results clearly showed that 
wet-dry cycles tend to increase the permeability of geomaterials which aid 
increasing their frost susceptibility. 
Cyclic wet-freeze-thaw-dry effects 
 
10. For the materials subjected to wet-freeze-thaw-dry cycles, in any cycle, the 
vertical deformation that occurred due to the wetting process was found to be far 
smaller than the frost heave. The frost heave was greater than the thaw settlement, 
whereas the magnitude of thaw settlement was found to be far greater than that 
of the deformation that occurred due to the drying of the materials. With an 
increasing number of wet-freeze-thaw-dry cycles, the vertical deformation due to 
both wetting and drying decreased, the frost heave increased and then decreased, 
whereas the thaw settlement increased. The combined influence of the 
deformation patterns in each of the processes resulted in an accumulation of the 
vertical strain and the materials exhibited an uprising movement with an 
increasing number of wet-freeze-thaw-dry cycles. Such an uprising movement 
pattern has been reported in the literature for soils that underwent several wet-dry 
cycles. 
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11. The vertical strain due to wetting, freezing, thawing and drying processes were 
found to be dissimilar but stabilised after three wet-freeze-thaw-dry cycles. The 
movement band encompassing strains corresponding to wetting, freezing, 
thawing and drying was found to be nearly repeatable after three cycles. At 
equilibrium, the sum of vertical strains during wetting and freezing processes 
were found to be nearly equal to the sum of vertical strains that occurred during 
thawing and drying processes. The segregation potential of the materials was 
affected by wet-freeze-thaw-dry cycles.  
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